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“Life just liked de-alloying, active things will always leave quickly, but the rest, 
deposited with the passage of time, is the true life.” 
 
“Escapism just liked de-alloying with recirculated shear-flow, something you don’t 
want them to access to your life will return to you sooner or later.” 
 
“Living a life, liked thermal de-alloying, is an attitude, no matter where you live.” 
 





Nano-porous metal materials exhibit excellent thermo-mechanical stability and 
unique electrical-plasmonic properties, as well as outstanding resistance to abrasive 
materials compared to organic materials and larger specific surface area than bulk 
metals, making of them ideal candidates for industrial applications such as bio-
materials design, separation and catalysis science, but also sensing and energy 
generation. The development of nano-porous metal materials is a fairly recent research 
focus primarily due to challenges in controlling pore size distribution, porosity or pore 
morphology. Nano-porous metal materials have however been processed through a 
number of routes including metal foaming, sintering, specific metal deposition and de-
alloying. Nano-porous metal materials fabricated by the de-alloying processes offer 
smooth ligaments textures, relatively narrow pore size distributions and long-range 
order pores, provided by their continuous ligament-pore dimensions distributions, 
compared to more conventional foaming and sintering synthesis routes. Although the 
morphology of such de-alloyed materials is typically less regular than that obtained 
through deposition techniques, the de-alloying process does not require templates and 
provides more versatility in terms of compositions and metal nano-grains formation 
since offering varied pristine alloys and process’ conditions. 
De-alloying is a process whereby one or several metal constituents are selectively 
removed from an alloy matrix. The de-alloyed nano-porous materials present 3-D bi-
continuous morphologies with smooth ligament surfaces and homogeneous networks. 
The pore size distribution, porosity and pore interconnectivity obtained across the 
metal materials may be tuned by varying the alloy composition and the etching 
conditions thus affecting the ligaments width and interconnectivity. Although 
intensively investigated for noble metal materials such as Au or Ag, the relationship 
between the pore formation and pore morphology to from pristine materials are yet to 
be resolved. The kinetics of the de-alloying process must therefore be investigated in 
order to achieve tuneable porous materials from de-alloying.  
In this project, commercial brass foils (Zn < 37%, single phase) were successfully 
converted by chemical de-alloying for the first time into nano-porous Cu-rich metallic 




to 50 nm and for final thicknesses between 1 and 5 μm. The pore size, ligament size, 
thickness the porous layer, as well as their surface morphologies can be finely 
controlled and novel fabrication techniques were developed during this PhD project to 
both control the surface oxidation and the mechanical properties of the materials. The 
impact of the fabrication steps, as well as the impact of pristine material’s 
microstructure, were systematically assessed and related to the kinetics of the de-
alloying process.  
Specifically, ex-situ experiment and in-situ Small Angle X-ray Scattering 
experiments were performed in order to investigate the thermodynamic process of de-
alloying. The results highlight a complex etching/precipitation process and the de-
alloying process of the brass materials investigated was found to be not fully selective 
to Zn removal since Cu atoms were also etched during the process. Zn was however 
more preferentially removed from the matrix and the porous structure was generated 
by precipitated Cu or Cu oxides ligaments of dissolved Cu. Process parameters such 
as the etchant concentration, the temperature of the etching solution, the process 
duration, were systematically investigated. Specifically, narrow ranges of etchant 
concentrations were found to be suitable to form nano-porous structures without 
excessive Cu precipitation and surface passivation, in order to prevent filling up the 
pores of the material. In addition, the solution temperature was found to be have a 
significant effect on the de-alloying process and the ligament size distributions were 
found to be narrower while the overall matrix then becomes much denser, primarily 
due to coarsened ligaments lead by quicker precipitation. Nano-porous structures with 
unique pore size and multiple porous layers at lower temperature were however 
achieved. This significant result, reported for the first time, shows that a layer-by-layer 
formation process may be controlled to form sub-micron thick, and yet nano-porous 
Cu-based materials. However, the kinetics of pore formation and precipitation of Cu 
has yet to be investigated. 
The impact of the nature of the pristine materials on the morphology of de-alloyed 
samples was investigated by evaluating morphological changes related to both initial 
composition and microstructure. The progress rate of the de-alloying process was no 
observed association with Zn constituent of pristine alloys in comparison of de-alloyed 




porosity of the final de-alloyed morphology. The morphology was however greatly 
impacted by the volume ratio of the grain boundaries, which were found to be the most 
preferential spots for non-selective etching due to the looser packing and higher free 
energy. Smaller grain size distributions, corresponding to a high volume fraction of 
grain boundaries, were found to yield by mapping of Electron Backscattered Detector 
to a higher level of non-selective etching rather than proper de-alloying of the samples. 
On the contrast, after reducing the volume fraction of grain boundaries with thermal 
treatment, the same materials were successfully converted into porous materials with 
homogeneous pores and ligaments by same de-alloying condition and duration. The 
grain orientation, corresponding to atom’s stack density on the interface of sample and 
etching solution, was found to affect the reaction rate at the very early stage of the de-
alloying process. The orientation with larger inter-planar spacing and high atomic 
planar density, such as {111}, were etched more quickly than other, such as {110}. 
However, the final morphology does not present significantly difference on different 
orientation since the final de-alloyed morphology was formed by the precipitating 
process. These findings illustrated that the de-alloying as selective etching preferred 
to happen in where is less priority for the non-selective etching (normal corrosion).  
Chemical de-alloying process is a relatively slow process due to concentration 
polarization phenomenon occurring within the pores upon etching. A gradient of metal 
ions is therefore generated which may lead to excessive precipitation and pore 
clogging. In order to tackle these issues, two novel methods were developed to assist 
the de-alloying process in order to reduce the polarization phenomenon during the de-
alloying process. First, de-alloying with shear-flow, in which the etching solution was 
flowing across the sample’s surface instead of conventional soaking, can efficiently 
increase the etching rate. Second, de-alloying with cathode protection, in which an 
external electric field was performing during the de-alloying process, can suppress the 
concentration polarisation and generate the Cu2O precipitates. Third, ultra-sonication-
assisted de-alloying was carried out to homogenise the etching solution can also 
slightly improve the de-alloying efficiency. Fourth, thermal de-alloying, in which the 
sample was heating under the vacuum, has achieved the micron-scale de-alloyed 
porous framework with tortuous pores and smooth surface. These results, by providing 




localized etching and the actual impact of the material microstructure on the etching 
mechanisms. 
This project has contributed an assessable system about converting single phase 
brass into nano-porous Cu-based metallic framework, including the impact of 
fabricating conditions, materials’ microstructure and assistant devices. The de-
alloying process has been found to be exclusive to non-selective etching and less prior 
than it. In addition, the precipitation of dissolved Cu has been proved that it has played 
an important role in the kinetics of de-alloying pore formation. The morphology of de-
alloyed product can therefore be tuned by adjust the process conditions and 
microstructure of pristine materials to respectively affect the etching and precipitating 
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This thesis ifocuses on the development of novel fabrication techniques to generate 
nano-porous copper (Cu) and Cu-based materials. Copper is the second most 
conductive metal after silver, is chemical stable in most acidic and alkali environments, 
and is inexpensive and easy to obtain compared with other noble metals such as Ag, 
Pt and Ag [1]. Cu or Cu-based nano-porous materials exhibit large, tunable specific 
area, and good thermos and electric conductivity, and have been widely used as 
electrodes or capacitors [2-5], catalysts [2, 6-8], photonics devices [9-11] and heaters 
[12-15]. Different from support material that only requires certain mechanical strength 
and low density [16, 17], the applications of porous copper materials as electrodes, 
capacitors and heaters need to ensure  that electron/photons transfer in the ligaments 
and other matters transfer in the pores since the electric and thermos resistance is 
inversely proportional to the cross-sectional area of the ligaments  [13, 18, 19]. On the 
other hand, the catalytic and photonics devices required a surface area as large as 
possible and the reasonable pore size for efficient transportation [19]. Therefore, novel 
fabrication processes are required to fabricate a tunable porous framework with open 
pores. 
The tunable porous copper material might be synthesized by foaming [20] or 
sintering of particles [21]. A nano-porous copper framework could also be fabricated 
by depositing copper onto a porous template [6, 10, 11] of open pores. The deposition 
process however introduces an interface between different layers which compromises 
the properties [22]. A promising technique to generate such nano-porous Cu materials 
is de-alloying, which is an etching process in which the less-noble composition of an 
alloy was selectively removed by the etchant [23]. A porous framework is formed after 
de-alloying since the origin spots of the less-noble composition are not filled up by the 
rearrangement of the noble composition. The de-alloyed porous structure is typically 
a  bi-continuous 3D porous structure [24], in which both pore and ligaments are 
continuous. The de-alloying process does not use templates and provides great 
versatility in terms of final material compositions, pore size, and porosity since the 
final porous structure is only dependent on  the pristine alloys used and conditions of 




To date, nano-porous copper materials have been generated by the de-alloying of 
Cu-Mn [25-27], Cu-Zn [18, 28-30], Cu-Mg [31], Cu-Al [32, 33], and Cu-Ti [34]. 
These alloys are mostly single phase, and the Cu is not the main component of these 
alloys. The manufacturing process and microstructure of pristine materials, such as 
volume fraction of grain boundaries and grain orientation, were not considered as the 
factors influencing the properties of de-alloyed products. The morphological 
properties of de-alloyed porous frameworks fabricated by the de-alloying process may 
be adjusted by altering the composition of pristine materials [31, 34], the composition 
of the etching solution [29, 32, 34] or the process duration [35]. To date, to control 
morphological properties of de-alloyed porous Cu frameworks, the focus has been to 
alter the composition of the pristine materials, vary the etchants types and 
concentrations, and change the de-alloying process duration. No studies have been 
undertaken in depth to investigate the contribution of the process temperature, the 
precipitation mechanisms of metal ions dissolved in the stream, and the kinetics of 
pore formation. The microstructure of the Cu alloys particularly, which is correlated 
to the manufacturing process, the composition of the alloy and potential post-treatment, 
has not been considered to date in the literature. However, these parameters will 
significantly affect the etching process since they are correlated to the corrosion 
resistance of the materials [36-42]. 
This thesis is therefore aiming at fabricating the Cu/Cu-based de-alloyed porous 
framework with a tunable morphology. The research question of this project: how the 
pristine material and de-alloying parameters affect the morphology of de-alloyed 
material. To answer this question, the following sub-questions will be addressed: 
1. What is the pore formation mechanism which determines the morphology 
of porous framework?  
2. Does the microstructure of pristine material affect the de-alloying process?  
3. Can the de-alloyed porous framework be tuned without changing the 





The research of this thesis is presented in the following seven chapters: 
Chapter 1 presents a comprehensive literature review on the fabrication of nano-
porous metallic materials, including the research carried out to date in relation to the 
morphology and structure of de-alloyed materials.  
Chapter 2 describes the methodologies used in this work. This chapter introduces 
the type of commercial materials used as well as the fabrication techniques adopted to 
generate customized pristine materials. It will also detail pre- and post- treatments to 
change the microstructure or the morphology of the pristine materials. In addition, the 
different de-alloying processes will be described including conventional chemical de-
alloying, in-situ de-alloying on SAXS, and the four novel techniques developed in this 
thesis to enhance the de-alloying process. Furthermore, the setup and conditions for 
the different materials characterization techniques used in this work will be presented, 
including surface characterization and the techniques employed for bulk composition 
analysis. 
Chapter 3 investigates the properties of pristine materials used in this project. The 
composition, phase composition, and microstructure of the pristine materials are 
characterized. The properties of different pristine materials will be used as a 
benchmark for the porous materials developed in this thesis.  
Chapter 4 studies the kinetics of chemical de-alloying process by altering the 
conditions of environment for both ex-situ experiments and in-situ observations with 
SAXS. The impact of the pH and the temperature of the solution, as well as the 
duration of the process on the formation of pores and oxides will be investigated. Most 
of the ex-situ experimental results has been published in Nanomaterials (MDPI) [43]. 
Chapter 5 investigates the impact of the pristine material composition and 
microstructure on the de-alloying process. The impact of the metal composition, 
volume fraction of grain boundaries, grain orientation and surface morphology of the 




Chapter 6 develops a method to study the concentration polarisation of dissolved 
material during the de-alloying process which reduced the progressive rate of the 
conventional chemical de-alloying process. The diffusion of dissolved materials has 
been enhanced by ‘shear-flow’, electric field and sonication. In addition, de-alloying 
with sonication and thermal de-alloying, which did not require the participation of 
etchants, are introduced to achieve localized de-alloying and to form micron-sized bi-
continuous porous frameworks, respectively. 
Chapter 7 summaries the major achievements of the thesis and recommends the 












1.1 Porous Copper and Cu-based materials 
Porous materials offer a number of tuneable properties for application in filtration 
[44, 45], adsorption [46-48], sensing [49-51], catalysis [52-54], filling [55], insulation 
[56, 57] and impact resisting [58]. Amongst these properties, pore size distributions, 
specific surface area, density, surface energy and porosity must be adjusted to match 
performance criteria for such applications.  
Metallic porous materials exhibit excellent thermo-mechanical stability, 
outstanding resistance to abrasive materials, potentially present in industrial liquid 
brines and excellent electrical properties [22]. Porous metal materials have been used 
across a number of industrial applications including separation membranes [59, 60], 
conductive porous electrodes [61-64], biocompatible scaffolds [65, 66], detection 
systems [67-70], actuators [50] and as hybrid composite materials [71, 72], to name a 
few. The design and fabrication of metallic porous materials may benefit from the 
materials resistance to steam cleaning [71, 73, 74], and from the metal materials ability 
to be back-flushed or rinsed at high pressure to remove potential contaminants scaled 
or fouled across the pores of the materials [75].  
Depending on the application of structural materials or functional materials, the 
pores of the porous material may also have different morphological requirements. A 
porous material with closed cells or partially opened cells is suitable for the 
applications of structural materials with requiring a high mechanical strength without 
the need for a good conductivity and mass transportabilities, such as supporting 
materials [17, 48] and cushioning materials [76, 77]. This porous structural material 
frequently has a very high porosity, relatively good mechanical strength and 
deformation capacity [76]. A typical example is the aluminium foam which is used for 
impact absorption [48, 76]. 
Porous metal materials with fully open pores are used for the applications of 
functional materials, which is required for the transport of  matter such as electrodes 
[3, 5, 64, 78, 79], sensor [80, 81], filter [82], heater [12, 13], catalytic [77] and so on. 
For instance, when used as an electrode or a heater, the size of the rib/ligaments cannot 




area should be as large as possible for absorbing ions [3, 83]. In the case of a sensor or 
actuator, the porous material is required to have a uniform morphology as fine as 
possible [50]. In the case of the filter, besides the tuneable pore size, porosity and 
permeability, the porous material was required to be able to withstand the pressure 
during the working [84-86]. In the cases of the adsorption and catalysis, due to the 
requirement of the specific surface area, the smaller the pore size of the porous material 
is the better after stratifying the requirement of reagents passing [87, 88].  
Copper and its alloys are one of the major commercial metallic materials in the 
world since they offer excellent electrical and thermal conductivities, outstanding 
corrosion resistance and mechanical strength [1, 89]. The history of copper being used 
by humanity can be traced back to 10,000 years ago. Today, the copper and its alloys 
have been widely used for making cables, wires and electrical contacts, radiators and 
heat conductors, pipes and tubes and so on [90]. 
The excellent physical and chemical properties of copper remain valid when 
processed as porous material. In this case, Cu/Cu-based porous materials were mainly 
used for the design of functional material. Due to the excellent thermal conductivity, 
porous copper materials were used for the application of heater since the porous 
surface has better heating efficiency than the normal surface for pool boiling [12-15]. 
In addition, porous copper with excellent electrical conductivity and the chemical 
stability were intensively studied in applications such as electrode and capacitor [2-5]. 
Furthermore, porous copper materials can be used as hydrogenation catalysts [2, 6-11, 
91]. Besides these direct applications, porous copper can also be used to make porous 
copper oxide [92-95].  
Compared with copper, copper oxide offers catalytic properties, which can be used 
for CO oxidation [51, 96, 97], or photocatalytic for synthesising the methanol [98] or 
producing H2 [99]. In addition, the cupric oxide (CuO) is an n-type semiconductor 
with a bandgap energy around 1.35 eV [100] and cuprous oxide (Cu2O) is a p-type 
semiconductor with bandgap energy in the range of 1.9 – 2.2 eV [101]. The bandgap 
energy of copper oxides was found to be affected by the morphology of copper oxide 
[102]. Therefore, both CuO and Cu2O are visible photocatalytic since the light 




range of visible light (390 ~ 700 nm [103]). The p-CuO/n-Cu2O heterojunction has 
potential for photovoltaic application [104]. Furthermore, the CuO also can be used as 
the anode of a lithium ion battery since it can enhance the lithium intercalation capacity 
[54, 83]. 
Although porous copper and copper-based materials have a good potential for these 
applications, a key challenge remaining is the ability to process porous copper or 
copper-based porous materials with nanoscale pores and higher surface area for 
reactivity and heat/mass transfer. Therefore, porous functional copper materials should 
have: 
a) Open-pores for the transport of reagents; 
b) The size of pores and ligaments/ribs is tuneable; 
c) Nano- or meso- pores, narrow size distribution 
d) The porosity Adjustable; 
e) Uniform structure; 
f) Surface morphology alterable; 
g) Self-stand or supported by support material; 
h) The composition of metallic porous material is controllable; 
i) Strong enough to endure the pressure during the processing. 
There are many methods to generate porous metal materials. Besides anodization 
[105] which can only be used for fabricating a thin Cu oxides layers, there are four 
other main fabrication processes which can be utilized for fabricating the Cu/Cu-based 
porous materials, including foaming [106], particles sintering [107], liquid or vapour 
deposition [92, 108], and de-alloying [34]. However, in previous publications related 
to specific applications, the porous copper or the copper oxide porous materials were 
used to be fabricated by deposition on a template of alumina or titania. It indicates that 
the fabrication processes mentioned before may not properly satisfy such 
requirements. The next section will state and compare these four main processes and 
rationally discuss and explain the reason for selecting the de-alloying process as a 




1.2 Fabrication of metallic porous materials 
Porous metal materials have been processed through a number of routes including 
metal foaming, casting, powder sintering, deposition by electroplating or electro-less 
deposition, nano-particle self-assembly across pre-formed removable templates, de-
alloying, anodization and sonication. However, to date, only foaming and sintering are 
processed mature enough to fabricate porous metal materials on a large scale with long 
range order pores (Figure 1.1). The four main routes, depicted in Figure 4 therefore 
include: 
Foaming process, whereby a foaming agent is expanded across a molten polymer 
stab leading to pore formation; 
Sintering process, whereby a porous structure is obtained by partially coalescing 
metal particles; 
 Metal deposition, which relies on the plasma, electrical or chemical etching of 
a metal target and selective re-deposition onto a support; 
 The de-alloying process, whereby pores are generated by selective etching 
metal etching from one or several phases across the alloy microstructure. 
 
 





In this section, the main routes to fabricate porous metal materials and anodization, 
sonication will be presented and compared. In addition, the differences in morphology 
and final materials properties will be assessed against the specific requirements for a 
functional porous material. 
 
1.2.1 Foaming 
Conventional foaming processes such as gas direct foaming [109-111] and agent 
foaming [110, 112] rely on either gas injection or in-situ gas formation by chemical 
degradation to form pores across a molten metal [113]. Foaming is a mature fabrication 
technique whereby macron pore sized porous metal materials of various pore 
morphology and interconnectivity can be generated (Figure 1.2). Although high 
porosity materials (>90%) can be fabricated by foaming, the design of sub-micron pore 
size distributions has been demonstrated to be the coalescence of the gas bubbles 
formed during operation [114]. The casting process also allows for a variety of 
products shapes, from bars, to discs or tubes which have been used across a range of 
applications including medical implants[115], solar power [116], catalysts [117], 
electrode [118], hydrogen storage [119, 120]. The general structures of sub-
micron/nano- foams are presented across the scanning electron micrographs (SEM) in 
Figure 1.3. 
 
Figure 1.2 Schematic of various morphology of foam metal. Packed beds (left), 
granular media (middle) and fibrous media (right) The figures was extracted and 






Figure 1.3 Examples of sub-micron/nano-foams, (a) silver (scale bar 1 µm), (b) 
titanium (scale bar 1 µm) and (c) nickel (scale bar 200 nm) The figures was extracted 
and reformatted from [122] 
 
Foaming materials typically offer very low density and porosity within the range of 
30~60% for packed beds and granular media and over 90% for fibrous media [123]. 
The pore size may be tuned by using different foaming agents and matrix materials 
between 50 and 1000 μm [122]. Recent foaming techniques were demonstrated to 
produce such nano-pores within the range of 2 nm~50 nm through the use of nano-
foamers (Figure 1.3) with specific surface area from 5300 to 16,800 m2 mol-1 [122]. 
However, the huge range of distribution is due to the poor interconnection of pores, 
which perhaps is the reason of using specific area instead of porosity in literatures. 
Pore size can also be tuned controlled by adjusting the foaming time and temperature 
which will lead to different kinetics of foaming agent decomposition or vaporization 
[110]. The thermal conductivity of foams may vary between granular media and 
fibrous foams and presents an inverse linear relationship with the porous material 
porosity due to the large volume of voids formed and the reduced metal surface area 
per unit cell [123]. Thermal conductivity values shown for a range of de-alloyed thin 
foils in Table 1.1 demonstrate that the measured thermal conductivity of the de-alloyed 
material is typically lower by 35 to 65 % than the predicted value from the bulk 
material thermal conductivity normalized by the measured porosity of the samples 
suggesting that the de-alloyed structure is not homogeneous and that ligament 
interconnectivity not as even as previously expected In parallel higher water 
permeance can be achieved for fibrous foams compared to granular media [114] due 
to the better pore interconnectivity and higher porosity [121]. A limitation of foaming 
however resides in the thickness of the materials due to the expansion of foaming 




a thickness of ~50 μm, for a nickel based foil, which is large for the active layer of a 
filtration membrane, but could be considered as a supporting layer for a composite 
membrane. 
Table 1.1 Relationship between thermal conductivity and porosity on fibrous metal 
foam (Tc: Thermal conductivity) 
porosity Theoretical Tc Water Tc Proportion of theoretical value 
% W/m·K W/m·K % 
90.5 20.71 7.65 37 
90.6 20.49 7.65 37 
90.9 19.84 7.6 38 
93.7 13.73 5.35 39 
94.6 11.77 5.4 46 
94.9 11.12 4.8 43 
94.9 11.12 4.95 45 
95.2 10.46 4.75 45 
97.1 6.32 3.7 59 
97.2 6.10 3.3 54 
97.8 4.80 3.05 64 
 
1.2.2 Particle sintering 
Particle sintering is the most spread technique to process porous metal frameworks 
[22]. Compared with foaming, the sintering was performed under pressure with 
metallic particles while foaming was operated with molten metal [110]. It relies on the 
thermo-mechanical or electrical surface coalescence of metal particles primarily 
including micron sized beads or fibres and the interspaces between the metal particles 
form the pores of the material [124-126]. Thermal sintering was demonstrated by 
direct contact heating [127-129], micro-wave heating [127], laser irradiation [107, 
130] and impedance heating [131, 132]. Low melting-point materials such as sodium 
pyrophosphate may be used as expansion agents and will be thermally degraded during 
the sintering process [84, 129]. Porous metal materials successfully prepared by 
particle sintering range from pure metals such as to alloy metals including aluminium 
[133, 134], stainless steel [135], nickel [136], to alloy metals including iron alloys 
[137-139] , nickel alloys [140], titanium alloys [141]. The general structure of sintered 






Figure 1.4 SEM image of metallic porous material made by element powder reactive 
synthesis. A: Fe-25wt. % Al; B: Ni-30 wt. % Al; C: Ti-35 wt. % Al. The figures was 
extracted and reformatted from A:[137], B:[140] and C: [141] 
 
The fabrication of nano or sub-micron porous sintered materials is also under 
investigation [22, 127]. The self-assembly of metal particles or nano-particles across 
sacrificial templates such as block copolymer self-assembly (BCPs) [142-145], by 
layer-by-layer deposition (LbL) or surface adsorption onto surfaces [146, 147] has also 
shown great potential for the fabrication of metal rich composites towards porous 
metal frameworks. Although recent work has been focused on the controlled sintering 
of metal nano-particles [148, 149] to generate ordered nano-porous structures, the 
enhanced surface to volume ratio of nano-particles leads to faster coalescence kinetics 
leading to unstable structures [150, 151]. The stability of these composites, ability to 
uniformly disperse the particles and organize them into non agglomerated structures 
are however limitations of the expansion of these techniques which have not been used 
on industrial scales. Porous sintered metals membrane have been used as substrates for 
composite membrane fabrication [152, 153] or mechanical support [154, 155], and for 
membrane filtration operations [82, 136, 156, 157]. 
 
1.2.3 Metal deposition 
Metal deposition fabrication techniques are a common bottom-up approaches to the 
production of porous metal frameworks [22]. Chemical vapour deposition (CVD) 
[158-160], electro deposition [161, 162] and electro-less deposition [163-171] (Figure 




structures. The role of the support and its surface properties and morphology is 
however critical to the formation of stable porous metal frameworks [172-177].  
During CVD, one or several metals are evaporated from a pure metal source under 
the influence of a plasma onto a target material. The morphology of the target material, 
applied potential difference, and nature of the gas may greatly affect the final 
morphology of the porous metal material formed [158, 159, 177]. Thin foil, dense or 
textured, metal surfaces are commonly prepared by CVD and have been applied for 
catalysts [158, 178], fuel cells [179-181] and hydrogen separation [181, 182]. Electro 
deposition has also been used to coat template made of a conductive material. The 
template is then used as an electrode leading to very high deposition rates [183-185]. 
Due to the speed of the deposition, grains formed on the surface of the template are 
therefore typically large and exhibit low porosity making of electro-deposition a much 
less suited technique to the preparation of porous metal structures since pore filling 
and clogging sharply reducing porosity [161, 162]. Electro-less deposition is however 
a very slow surface substitution technique whereby highly porous template can be 
coated [22]. This technique has been used to form ultra-thin metal coatings across pre-
formed porous template with nano-scale precision in grain size, deposition 
morphology and composition [108, 186-189].  
 
Figure 1.5 SEM image of deposited porous structure. A) Ag electro-deposition with 
plating time 45 min; B) porous alumina membrane with pores 48 nm in diameter. The 
figures was extracted and reformatted from [162] and [167], repectively 
 




Selective de-alloying is an etching top-down process recently demonstrated for the 
fabrication of porous metal materials [31, 33, 190, 191]. It essentially is a controlled 
corrosion process, naturally happening for metals exposed to environments and was 
reported for a number metal alloys [192, 193]. De-alloying can occur from two distinct 
processes, referenced as chemical and electro-chemical de-alloying. Chemical de-
alloying has been primarily demonstrated across a range of noble metal alloy [194] 
such as copper alloy [26, 193, 195, 196], gold alloy [35, 197, 198] or silver alloy [199]. 
Besides those noble metal alloy, some other specific compositions were also claimed 
being de-alloyed such as platinum alloy [200]. On the other hand electrochemical de-
alloying is more flexible in terms of material alloy selection due to the electric current 
facilitating the corrosion of metal alloy in neutral environment [190, 201-203].  
De-alloyed materials were shown to exhibit a unique, smooth pore morphology, as 
shown in Figure 1.6. Pore size from 3 nm to 5μm [204] and porosity on the range of 
20 ~ 70% [25, 205, 206] can be generated across these materials by de-alloying. 
Moreover, de-alloying was successfully applied to the fabrication of dual-layer porous 
materials [199], the pore size in each layer was following the same rule of simple de-
alloying which is related to the mass ratio of alloy. Furthermore, the continuous 
ligaments across de-alloyed thin foils were claimed to lead to high thermal 
conductivity [30, 207], but no data were produced to support these claims in the 
literature. The major limitation of de-alloying is that it highly relies on the 
composition, microstructure and homogeneity of the precursor alloyed foil. However, 
this feature leads a potential of up-scaling since the porous structure could be 






Figure 1.6 SEM images of top-down porous structure. A): chemical de-alloying Al 35 
at. % Cu. The figures was extracted and reformatted from [32]; B): electrochemical 
de-alloying Cu80Ag20. The figures was extracted and reformatted from [208] 
 
1.2.5 Anodization 
The anodization process can be used to grow metal oxide nano-tube arrays across a 
solid surface [87]. Compared with deposition, the anodization does not require an 
external template but use the pristine material as the base for the pore formation. This 
method can achieve long-range ordered porous materials [47], which may be used for 
deposition, solar cell, photocatalytic and so on [87]. Figure 1.7 shows the morphology 
of nano-tube arrays. However, the nano-tube arrays fabricated by the anodization 
process have a number of issues. First, since each nano-tube is separated, the junction 
between the nano-tubes is therefore weak, which led to cracking of the arrays and to 
delamination [209]. At last, the anodization can be applied to most metals and some 
metalloids, however, only Ti [54], V [210], Zr [211], W [212], Nb [213], Hf [214], Ta 
[215], Al[209] and their alloys can grow the nano-tubes array made of corresponding 
oxides. The Cu nanotubes directly obtained from anodization of solid Cu has not been 
documented but can be achieved by electrodeposition on anodic aluminium oxide 
[216]. Therefore, although anodization can fabricate a qualified porous material, it is 







Figure 1.7 (a) Schematic of alumina nano-tubes array. (b) The SE image of alumina 
nano-tubes array. The figures was extracted and reformatted from [217] 
 
1.2.6 Selective etching with sonication 
The ultrasound propagation in a liquid will generate vacuum bubbles which will 
generate and collapse by the alternative high-low pressure of liquid wave induced by 
ultrasound [218]. This phenomenon is named ultrasound cavitation effect [218-220], 
while the process of supplying the ultrasound to induce cavitation effect is named 
sonication. The cavitation effect can induce varied physical and chemical events, such 
as sonoluminescence [221-223], free radical formation [224, 225], etching [226, 227] 
and so on. A solid metal will generate a series of pits due to the etching effect of 
cavitation if exposing to the sonication [228]. The Figure 1.8 shown the porous surface 
of aluminium after sonication due to the etching [229]. However, this method has two 
issues for making the metallic porous material. First, the etching behaviour is only 
performed on the surface of material since induced by the direct impact of jetting flux 
generated by the collapse of cavitation bubbles [230-232]. Although the stress 
corrosion of the metal may be induced by prolonged exposition to the cavitation effect 
[227], there are no evidence that this porous morphology generated by etching would 
extend to the interior of the metal on long range orders. Second, the acoustic field of 
ultrasound is inhomogeneous [233]. The Figure 1.8 f) shows the inhomogeneous 
distribution of pits generated by the inhomogeneous acoustic field. Sonication for 
fabricating the metallic porous material has never been performed on a copper 
specimen in previous researches. The mechanism of pore formation was considered as 




therefore receive the same impact from cavitation and generate porous surface after 
sonicating.  
 
Figure 1.8 The pits generated on the surface of aluminium after sonicating. The figure 
was extracted from [229] 
 
1.2.7 Discussion on the potential of the different potential techniques to 
produce functional metallic porous materials 
The metallic porous materials can be fabricated by metal foaming, particle 
sintering, metal deposition and thin foil de-alloying. The anodization and sonication 
will not be included in this comparison since the anodization is not suitable for copper 
and copper-based material and the sonication only made the surface porous structure.  
The pore size and porosity of a qualified functional nano/meso porous material shall 
be alterable in very large range (10 ~ 1000 nm, 10 ~ 90%, respectively).These two 
properties may however not completely correlate to each other depending on the nature 
of the application sought, or to the type of fabrication process at stake. Metal foam and 
sintered metal cannot satisfy this requirement [234]. Similarly, metal deposition is also 
less suitable for large pore with high porosity [162]. Relatively, De-alloying metal foil 
could achieve porosity from 20~70% with pore size between 3~5000 nm, meeting the 




frameworks is typically different from foamed metals due to the strong coalescence 
mechanisms between the particles [22]. The porosity of sintered metals can be 
controlled by adjusting the diameter of the metal powders and the additives used 
between 10 and 60 % [136, 235] which also typically leads to large pore size 
distributions (Figure 1.9). Sintered metals are however strong materials [136] that 
exhibit high thermal conductivities [236].  
 
 
Figure 1.9 The relationship between pore size and porosity in various materials. 1: 
metal foam; 2: sintered powders; 3: sintered fibres [234] 
 
Metal foam has a strong mechanical properties in the range of 190~250MPa [71]; 
however, the thinnest metal foam is 50μm due to the expansion of foaming process. 
Sintered metal could be stronger than the dense foil [136]. Most metal deposition 
cannot stand itself without template since it is too thin. Relatively, there was lack of 
studies on mechanical strength on de-alloying membrane although its thickness could 
be from 150nm to 3mm [31, 200]. 
Foaming and sintering are both mature techniques already implemented for 
industrial productions of metal foams and porous metal media [113, 116, 122, 125, 
130, 237, 238], respectively. Electro-deposition also has industrial applications on 
rough surface coating [22]; however it is difficult to coat internal surfaces without 




rates and is highly sensitive to both surface and solution contamination, limiting its 
industrial application for synthesising porous materials [22]. Another drawback of 
such deposition technique relies on the need for a suitable porous template able to 
preferentially adsorb specific ions, such as silver or tin, for the first step of the process 
[166, 189, 239]. A poor adsorption of these metals will lead to highly uncontrolled 
metal grains and poor morphology [22]. Compared with complicated metal deposition, 
the thin foil de-alloying is easier to up-scaling due to the simple operation and micro-







Table 1.2 shows the comparison of properties amongst the porous materials 
fabricated through the different techniques previously presented. The metal deposition 
and anodization are very suitable to fabricate functional porous materials. However, 
anodization, as mentioned before, is not suitable for direct fabricate the copper porous 
material. In addition, the deposition is a slow and sensitive process. Although the 
copper nanotubes can be obtained by electro-deposition the Cu on an anodic 
aluminium oxide [216] that was fabricated by the anodization, the separated Cu 
nanotubes array was not a metallic porous material. 
For these reasons, the de-alloying, appear to be a reasonable selection for 
fabricating the functional Cu/Cu-based porous materials. In addition, very little work 
has been carried out on the fabrication of tuneable nano/meso porous metallic materials 
by de-alloying. There is scope to expand knowledge in that area and improve 
understanding of the impact of the material microstructure and the predominance of 
surface etching effects on the morphology of the final porous material. Therefore de-
alloying will be the considered through this work as the most suitable technique for 
the fabrication of tuneable metallic porous material. An in-depth and critical 
description of the de-alloying process, including a discussion on both the impact of the 
materials composition and microstructure and de-alloying parameters on the final 







Table 1.2 Comparison of main metallic porous material fabrication 
 Open- poresa Pore/ligament size 
controlb 






Foaming 2 2 High bad No Yes Medium 2 
Particle 
sintering 
1 2 Low bad No Yes Medium 3 
Metal 
depositiond 
3(1) 3 Adjustable good Yes No Low 1 
De-alloying 3 2 Adjustable medium — Yes High 3 
Anodization 3 3 Adjustable good Yes Yes Low 1 
Sonication 3 1 high bad Yes Yes — — 
a: 1—cannot avoid close pores. 2—open/close controllable. 3—open pores. 
b: 1—out of control. 2—conditional controllable. 3—completely controllable. 
c: 1—difficult or impossible to scale up. 2—difficult or impossible to fabricate a small specimen. 3—flexible in a large range of dimension 




1.3 De-alloying metallic porous materials 
De-alloying is a process to selectively etch one or several metal constituents from 
a metal alloy [240]. The pore size distribution, porosity and pore interconnectivity 
obtained across the metal materials may be tuned by varying the material properties 
and the etching conditions. Indeed, the alloy composition, the number of phases and 
the material micro-structure will greatly affect the dynamics of the de-alloying process, 
pitting initiation on the metal surface, and pore propagation [190]. Altering the 
processing parameters such as the etchant concentration, etchant nature, and residence 
time for chemical de-alloying, and the potential difference for electro-chemical de-
alloying will also affect the kinetics of de-alloying and therefore the reorganization of 
the atoms locally displaced by the removal of specific metal atoms from the grains 
crystals [206]. The average pore size of de-alloyed thin foils was shown to vary from 
3 nm up to 5 μm [204]. The effective thickness of the material may also lead to the 
pore size distribution and porosity variation due to a concentration polarisation of 
metal ions forming across the newly formed pores [205]. Despite this unavoidable 
phenomenon, porous materials with thicknesses from hundreds of nanometres up to 
millimetres were previously successfully formed [31].  
In this section, we will firstly describe the main routes to fabricate alloys and their 
impact on the materials morphology and microstructure. Secondly, the theory behind 
both chemical and electrochemical de-alloying will be discussed. Then the impact of 
the materials microstructure and composition as well as that of the de-alloying 
processing parameters on the morphology and properties of final porous de-alloyed 
thin foils will be presented. At last, the potential for de-alloying to produce efficient 
sub-micron metallic porous materials, with potential in ME will be discussed and 
assessed.  
 
1.3.1 Selection of precursor alloy foils 
The first step for de-alloying a metallic porous material is to select a proper metal 
foil as precursor alloy for de-alloying. A precursor metal foil can be fabricated by 




[199], industrial rolling [200], melt-spinning [31, 32, 34, 203, 242]. The microstructure 
of alloys prepared through different fabrication processes and post-treatments such as 
rolling or annealing may vary significantly, affecting the materials properties and 
potentially the materials processes such as de-alloying. For example, melt-spinning 
can be used to make most alloy into metal ribbon (not suitable for low melting point 
alloys) [243]. The structure of melt-spun alloy is however sort of quenched structure 
which may experience a relaxation and coarsen its structure [244]. Furthermore, the 
structure of rolling metal foil will exhibit an isotropy on grain orientation, or large 
range of grain size distribution, depending on whether it is cold rolling or hot rolling 
[245]. 
A suitable precursor alloy for the fabrication of a homogenous pore size distribution 
material by de-alloying should be (i) composed of a single phase material, (ii) offering 
a microstructure and a grain size distribution as homogenous as possible in order to 
achieve uniform surface etching (iii) made of metals offering an absolute electrode 
potential difference as large as achievable to enhance selective etching, and (iv) as thin 
as possible to favor the formation of through-out the material thickness [25, 198]. The 
standard electrode potentials (E0) for the main potential redox reactions achievable in 
water for a range of generic metals used in alloys preparation (Table 1.3), a metal is 
typically considered as ‘noble’ if the E0 corresponding to its first degree oxidation 
reaction is lower than that of hydrogen, that is by convention 0 V. Metals such as Pt, 
Au, Ag and Cu are therefore the main noble metals typically reported in the literature 
for surface texturing or surface pore formation across thin metal alloy foils. A suitable 
precursor alloy should be made of a noble metal which will compose the framework 
material of the de-alloyed porous structure. A number of sacrificial metals have been 
previously modelled or experimentally demonstrated as suitable for such redox 
reactions. Copper based alloys such as Cu-Mn, Cu-Ni or Cu-Zn have been used in this 
project due to their lower cost and high thermal conductivity. However, due to atomic 
re-arrangement of the most noble atoms to fill up vacancies generated across the 
crystalline structures upon sacrificial metal atoms solubilization, the nature of the main 
noble metal appears to be critical to the successful formation of highly ordered pores.  
Commercially available Cu based alloy foils include Cu-Zn, Cu-Al, Cu-Ti and Cu-




commercially available. Therefore, the major commercial options sourced to date are 
Cu-Zn (brass), Cu-Al (Raney® copper), Cu-Ni (from Alfa-Aesar) and Cu-Ti. 
However, commercial Cu-Al is not available as thin foils (minimum thickness ~ 100 
μm) and commercial Cu-Ti alloys typically have only a titanium content less than 10 
w% which would not be suitable to the formation of material of high porosity [34]. 
For these reasons, and due to the potential difference between Cu and Zn and Ni, across 
Cu-Zn (1.10V) and Cu-Ni (0.59V) alloys, those materials appear more promising for 
the fabrication of metallic porous material by de-alloying. 
Table 1.3 the standard electrode potential (E0) of ordinary components of de-alloying 
precursor alloy [246]  
Redox reaction E0 (V) 
Zn2+ + 2e− ↔ Zn(Hg) −0.7628 
Ti3+ + 3e− ↔ Ti(s) −1.37 
Al3+ + 3e− ↔ Al(s) −1.662 
Ti2+ + 2e− ↔ Ti(s) −1.63 
Ni2+ + 2e− ↔ Ni(s) −0.25 
Fe2+ + 2e- ↔ Fe(s) -0.44 
Cd2+ + 2e− ↔ Cd(s) −0.40 
Mn2+ + 2e− ↔ Mn(s) −1.185 
2 H+ + 2e− ↔ H2(g) 0.0000 
Fe3+ + 3e-  ↔ Fe2+ +0.77 
2Cu(s) + 2OH- ↔ Cu2O(s) + H2O + 2e- +0.360 
Pt2+ + 2e− ↔ Pt(s) +1.188 
Au+ +  e− ↔ Au(s) +1.83 
Ag+ +  e− ↔ Ag(s) +0.7996 
Cu+ +  e− ↔ Cu(s) +0.520 
Cu2+ + 2 e− ↔ Cu(s) +0.340 
 
 
1.3.2 Theory of surface de-alloying  
De-alloying is based on surface interactions between metal atoms across surface 
grains of an alloyed material and etchants in solution in contact with the surface [247]. 
Redox reactions on the surface of the metal alloy will lead to localized oxidation of 




created by the metal migration will lead to local rearrangements between the noblest 
atoms remaining in the structure to reduce the surface energy of the material and 
reform into crystalline structures leading to pore formation [192, 205].  
The de-alloying of an ideal, atomically smooth, and highly crystalline surface will 
therefore start from localized surface pitting across the metal grains richer in the less 
noble atoms. Pitting will enhance the specific surface area of the material and generate 
vacancies [249] across the surface which will propagate through the thickness of the 
material, creating islands of noble metal [206]. The average distance between two 
noble islands, called the critical spacing λ, will not dramatically change during the 
process across grains made of a homogenous single phase material exhibiting a 
continuous microstructure [198]. The second stage of the de-alloying process will be 
the coarsening of the islands within the material pores by localized coalescence by 
stripping surface atoms present across the proto-pores forming deeper within the 
material (Figure 1.10, (a), b-c). In the third stage of the de-alloying process, only the 
less noble atoms are being dissolved and removed from the surface of the pits. The 
critical spacing between two agglomerates will therefore increase leading to the 
formation of distinct surface ligaments and pores (Figure 1.10, (a), d-e). New noble 
islands will subsequently nucleate deeper across the structure as noble atoms 
reorganize; ligaments will progressively join and extend into a continuous nano- or 
macro-porous structure made of solely noble metal (Figure 1.10, (a), f). These will 
form the walls of the pores [197, 250, 251].  
The average ligament size was found to be related to the process temperature, de-
alloying rate and alloy composition (Figure 1.10, right) [252]. However, the ligament 
size was shown to change even after de-alloying due to further re-arrangements of 
noble atoms between ligaments in order to reduce the surface energy of the metal 
matrix. The kinetics of ligament formation is therefore affected by both time and 
temperature, which affect the structure permanently and lead to relative ligament width 
variations up to 100% or more (Figure 1.11) [252] . Pore interconnectivity is therefore 
changed with the atoms re-alignment since the coarsening will not change the density 





    
Figure 1.10 Schematic of de-alloying process and steady-state length of ligaments. (a): 
a-f: schematic of surface morphology evolution in de-alloying, with time sequence, 
<λ> is the average distance between two noble islands/hills; (b): the graph is a 
correlation of the ambient temperature steady-state ligament size in the de-alloyed 
structures as a function of the homologous temperature, TH = T298 K / T host reservoir melting 
point. The error bars correspond to the standard deviation in the ligament diameter. The 






Figure 1.11 Scanning electron micrographs showing the interpenetrating solid-void 
composite structure of the porous Au. The de-alloyed samples were annealed at the 
indicated temperature for 10min. (a) 100 °C, (b) 500°C and (c) 700°C. The figures was 
extracted and reformatted from [253] 
 
Noble metal atoms will re-arrange during the de-alloying process until either the 
complete removal of the less noble metal atoms was achieved or all surface were 
covered by noble atoms through encapsulation mechanisms [198, 206]. Indeed, least 
noble atoms may diffuse across the reforming noble atom phase and be trapped within 
the crystalline structure. In-situ research on de-alloying process of nano-porous gold 
(NPG) has exhibited a direct evidence to morphology evolution and necessity noble 
atoms re-arrangement [250, 251]. Interestingly, if the dissolving rate of noble atoms is 
faster than its re-precipitation rate, the relatively less noble atoms could be retained at 
the end of process [202]. Bulk volume shrinkage, as seen in Figure 1.12 across a silver-
gold sample, was shown to occur during de-alloying [254]. The surface area, volume 
and thickness of the Au/Ag leaf sample was reduced after de-alloying by ~23%, ~30% 
and ~ 10%, respectively (Figure 1.12). This was attributed to the re-arrangement of 
gold atoms upon silver solubilisation which may be due to the localized mechanical 





Figure 1.12 Shrinkage of de-alloyed Ag-Au alloy sample. (a) before and (b) after de-
alloying Ag-Au leaf; (c) Two bulk samples of about 1 mm3 volume, master alloy and 
NPG. The figures was extracted and reformatted from [254] 
  
The number of phases, metal microstructure, and grain size and distribution are 
likely to play a great role in this phenomenon. This physical shrinking phenomenon 
may lead to permanent plastic deformations and cracks across the structures [254] and 
has not been extensively discussed in the literature and more work should be focused 
to explain in details atomic re-arrangement during de-alloying. 
The coarsening of ligaments is a key issue for fabrication of a suitable porous 
material by de-alloying. Very little is reported on Cu based alloys, but from available 
literature it appears that the width of the ligaments formed across de-alloyed Cu-based 
materials may vary between 10 and 500 nm depending on the de-alloying protocol and 
conditions. This means that the pore size across the de-alloyed porous Cu material may 
vary from 30 up to a few hundreds of nm for large sacrificial metal content alloys. 
Such a study on the coarsening of the ligaments across Cu based porous materials has 
not been performed to date and very little analysis of the impact of the de-alloying 
conditions reported.  
1.3.3 De-alloying routes 
The two routes to de-alloy a metal mixture are chemical and electro-chemical de-
alloying. Electro-chemical de-alloying is a process whereby an electrical field is 
applied in order to induce selective etching. On the other hand, during chemical de-
alloying, a corrosive etchant, either a base or an acid is used to generate de-alloying. 




having lower corrosion potential will be removed first in the electrochemical de-
alloying.  
1.3.3.1 Electro-chemical de-alloying process 
Electro-chemical de-alloying is typically operated at neutral pH environment. The 
standard electrode potential of the different elements composing of the alloy will 
determine both the type of elements that may be dissolved at a given current and the 
kinetics of the de-alloying. Electro-chemical de-alloying may be applied for the 
fabrication of porous metal materials from less-noble metals than chemical de-alloying 
such as titanium [203], nickel [201], aluminium [255] from binary Ti-based, Ni-based 
and Al-based alloys, respectively. Reports also demonstrated the formation of Al, Ti 
or Ni rich de-alloyed metals from ternary or quaternary alloys [190, 208, 256].  
The de-alloying process will end when either all the less noble atoms have been 
removed from the material or when the composition on alloy surface reached the 
‘parting limit’ [206]. Therefore, the electrochemical de-alloying process used requires 
the initial content of the less-noble alloy to be higher than an arbitrary value, specific 
for a given metal mixture. For example in the case of a Ag-Au or Cu-Zn alloys, the 
parting coefficient preventing electro-chemical de-alloying will be reached if the initial 
content of silver or zinc is above 60% [257] and 20% [205], respectively. The pH of 
the solution will also affect the value of the parting limit coefficient due to the 
corrosive solution may dissolve those not-dissolvable atoms [201].  
1.3.3.2 Chemical de-alloying process 
Chemical de-alloying process relies on the selective etching of metal atoms across 
the alloy microstructure under the corrosive effect of a base or a acid in solution. 
Typically porous metal materials are obtained by chemical de-alloying through 
exposure of the alloy to acids, such as sulphuric [258], hydrochloric [31] or 
Hydrofluoric, or bases such as sodium hydroxide [200] or hydrochloric [31].  
If the precursor alloy is a single phase alloy such as Au-Ag alloy, chemical de-




as Au, Cu, Ag and Pt porous material (Figure 1.13) [32, 34, 200, 241, 259] as well as 
for a number of metallic amorphous materials such as Au42Cu29Ti8Si21 and Ti60Cu40 
[203, 242]. If the precursor alloy has multiple phases, chemical de-alloying will 
therefore lead to a porous material made of less noble metal present across the original 
alloy due to the different phases can form a galvanic cell, such as Fe-C (steel) [242].  
 
 




1.3.3.3 Comparison of different de-alloying routes 
Electro-chemical de-alloying is a fast, up-scalable process allowing for a relatively 
high degree of freedom in terms of materials selection. The ‘parting limit’ is however 
limiting the capability of electro-cehmical de-alloyign towards the production of single 
metal porous materials. This can however be overcome by incorporating an acidic 
electrolyte within the solution to favour the removal of the lest noble metal across the 
original alloy [201]. The current density generated on the surface of the metal foils 
during de-alloying will however strongly decrease upon oxidation of the material and 
increase of specific surface area sharply reducing, at constant input current, the 
efficiency and kietics of the de-allying process. Parameters such as surface roughness, 
and preferential pitting across the surface of the matrial due to metal distribution across 
the different phases or grains will therefore strongly affect the performance of the 




is therefore a key limitation in electro-chemical de-alloying, limiting its potential for 
the processing of large scale metallic porous materials from metal alloyed thin foils. 
On the other hand chemical de-alloying is simpler and is not affected by any 
materials composition limit. The major issue is to control the diffusion rate of the 
dissolved metal ions from the surface of the alloy towards the solution [205], necessary 
to maintain a small concentration polarization layer on the vicinity of the surface and 
avoiding precipitation of metal oxides back onto the porous material pores or surface 
[26]. The partial oxidation of the surface is another drawback that may be detrimental 
to the thermo-mechanical properties of the alloy. The presence of surface oxide may, 
however, be an advantage towards further surface functoinalization reactions such as 
sol gels reactions [261, 262]. The use of chemical de-alloying to fabricate large scale 
metallic porous materials therefore appears to be more pratical and efficient since the 
efficiency of the process will not be affected by the surface area of precursor alloy foil. 
The flexibility of chemical de-alloying, as well as the large range of potential etchant 
available for chemical de-alloying make this technique more promising for the 
fabrication of metallic porous materials. 
 
 
1.3.4 Parameters affecting the formation of a de-alloyed structure 
While the structure of a de-alloyed thin foil material could be dictated by that of the 
original alloy number of phases, microstructure and composition [35, 201], it will also 
be affected by the nature and the concentration of the etchant [28], the de-alloying time 
[28], environmental conditions such as temperature or pH [32, 33] and, in the case 
only of electro-chemical de-alloying, of the current and potential across the electrodes 
[263], as de-alloying is an etching process. These parameters will greatly affect the 
material morphology, pore size, degree of shrinkage, and ligament size. In turn, the 
performance of the de-alloyed materials will directly be impeded by the nature of the 
pore morphology, the porosity and the amount of metal oxides present on the material 






1.3.4.1 Impact of the precursor alloy microstructure and processing technique 
The impact of the original alloy microstructure, grain size distribution and number 
of phases has not been extensively investigated to date although the impact of the 
material composition was extensively studied [29, 31, 34, 200, 201, 203, 208]. Altering 
the amount of less-noble constituent across the alloy has been considered as the most 
significant parameter to modify the morphology of the final de-alloyed structure. An 
increase of the less noble material content would typically lead to larger porosity as 
seen in Figure 1.14 for a Ag-Au single-phase alloy. 
 
 
Figure 1.14 Effect of composition on de-alloying morphology. Left: Au24Ag76; middle: 
Au36Ag64; right: Au41Ag59 [35] 
 
On the other hand, the nature of the fabrication process used to prepare the alloy 
seems to have a great impact on the final morphology of the de-alloyed material. As 
seen in Figure 1.15 Compare of chemical or electric-chemical de-alloyed structures 
from a) casting de-alloyed Au27Ag73 [198], b) chemical deposition de-alloyed 
Au24Ag76 [35], for single phase Ag-Au alloys exhibiting similar initial compositions 
(~25:~75) but prepared from 2 different techniques very different pore size 
distributions and morphology were observed. Most of the literature reports de-alloying 
results from cast alloys, which include melt-spinning and arc melting, since their 
solidification structure can be predicted from phase diagrams. As seen in the phase 
diagrams in Figure 3.1, Ag-Au alloys are always single phase materials, therefore 
ruling out the impact of the phase on such changes. 
The effect on etching of grain orientation has been presented [204]. However, due 




local microstructure was affected by the metal deposition or crystallisation rate, 




Figure 1.15 Compare of chemical or electric-chemical de-alloyed structures from a) 
casting de-alloyed Au27Ag73 [198], b) chemical deposition de-alloyed Au24Ag76 [35] 
 
Physical vapour deposition of metal leads to homogeneous structures, in which 
metal atoms are randomly distributed across the thin foil [35, 199]. No report on de-
alloying physical vapour deposition structures was found in the literature. In Table 1.4, 
a list of metal alloy compositions used to prepare through pore materials is presented. 
It is noticeable that except for Cu-Al and Cu-Ni alloys the ratio of relative less-noble 
constituent is not lower than 50%, likely due to the channel for ion transport being 









Alloy Range of x μm 
Cu-Mn x 
60 laser cladding 1000 [25] 
70~75 melt-spinning 20 [28] 




Cu-Zn x 70 Casting, annealing 2000 
slice from a 
rod [29] 




Au-Ag x 64~80 Casting, annealing 120~1600 [35, 198, 254] 
Ag-Al x 80 Melt-spinning 10~100 [259] 
C-Fe x 95.7~96.2 Arc melting 25~30 [242] 
Ni-Cu x 30~50 deposited 1 [201] 
  
 
The phase diagrams for a series of alloys are shown in Figure S1.1. Interestingly all 
alloy compositions, but Ag-Au, may lead to a dual-phase alloy depending on the 
relative ratio of each metal within the alloy. The impact of the number of phases across 
the alloy on the de-alloying process and the formation of a porous metal structure has 
not been reported in the literature to date. However, this might affect the stability of 
the pores and the formation of a porous network. 
As an example, CuMn60, if slowly cooled in casting, would phase separate into 
both a pure Mn phase and a Cu-rich phase [264]. A galvanic cell formed between the 
Cu rich phase and the Mn phase may lead to selective etching of the Mn one only 
[265]. Furthermore, in the case of commercial Cu-Zn alloys fabricated by casting and 
rolling, the morphology of the metal dendrites across the alloy formed during 
recrystallization will be highly modified. These dendrites will be simultaneously 
fractionated and re-oriented upon applying mechanical stress during rolling, greatly 
decreasing the average size of the dendrites and leading to many fine oriented grains 
[245]. Potential residual across the alloy, for instance stored across the material during 
cold rolling due to the lack of a thermal relaxation step would therefore likely affect 




Similarly, heat treatment after casting may also change the local phase composition, 
including the grain size distribution and the orientation across the material [266]. At 
the best of our knowledge, the impact of the alloy microstructure and number of phases 
across an alloy on the de-alloying process and the final material morphology has 
neither been systematically studied nor reported to date. The microstructure of alloys 
fabricated by casting is highly dependent on the cooling rate. Rapid cooling such as 
melt-spinning, typically leads to quenched structures which consist of fine grains 
usually [267]. The true phase composition of these alloys is therefore difficult to 
estimate from the phase diagrams obtained from equilibrium solidification [268]. This 
should also be investigated in order to truly evaluate the impact of the alloy processing 
technique on different microstructures which have not been predicted to date. This 
renders any extrapolation on their microstructure highly speculative.  
 
1.3.4.2 Impact of the solution composition and reaction conditions 
The kinetic of chemical de-alloying is highly dependent on processing parameters 
such as the type of etchant, the solution composition, pH and etchant concentration, 
the total time of exposure, the solution temperature, the presence of dissolved gaseous 
etchant, such as oxygen and electrical current in the case of electro-chemical de-
alloying.  
It was demonstrated that increasing the etching time leads to larger pore size 
distributions due to etching of the less noble atoms as seen in Figure 1.16 where the 
concentration of manganese is correlated to the pore size of the de-alloyed structure. 
The very sharp increase of pore size below 2 % of Mn can be attributed with noble 
atoms re-arrangement across the microstructure, leading to an extension of the space 
between the ligaments. Although partial etching of the noble phase may occur 
depending on the operating pH, it was shown that the porosity of de-alloyed materials 





Figure 1.16 The relationship among pore size, residual Mn content and de-alloying 
time [28] 
 
Similarly, an increase of the concentration of the etchant will lead to the formation 
of larger voids across the original sites of the pores due to competitive etching of the 
noble metal as seen in Figure 1.17 for a Cu-Mn alloy. In this case, although less noble 
than copper, Mn rich materials can be obtained due to the re-deposition rate of Cu ions 






Figure 1.17 SEM micrographs of nano porous copper by de-alloying Cu30Mn70 in a) 
0.5 M HCl for 4h, b) 0.5M HCl for 8h, c) 0.1M HCl for 4h, and d) 0.1M HCl for 8h 
[28] 
 
The impact of the type of etchant was also studied. As seen in Figure 1.18, for a 
Mn-Cu alloy, replacing the etchant from a strong acid by a weak acid will change the 
ligament width and the pore size distribution. The electrolyte composition and 
oxidative nature will therefore highly impact both the rate of atomic re-arrangement 






Figure 1.18 Effect of electrolytes on de-alloying morphology. De-alloying CuMn70 in 
(a) pH 1.3 HCl, (b) 1 M citric acid, (c) 0.01 M H2SO4 + 0.001 M MnSO4, and (d) 1 M 
(NH4)2SO4 + 0.01 M MnSO4 [191] 
 
The temperature of the solution will also affect the de-alloying kinetics and the final 
material morphology [33, 269]. There has however been, to date, neither 
comprehensive nor systematic studies published about the impact of the solution 
temperature on the pore size distribution or the porosity of de-alloyed materials. This 
should be investigated as ion mobility, concentration polarization in the solutions and 




Chapter 2  Materials and Methodology 
In this chapter, the methodology to process and characterize the meso/nano porous 
metal materials will be defined. Sample conditioning steps and post treatments will 
also be presented and justified. 
2.1 Pristine Alloys 
A number of different thin film alloys, in the form of foils or coatings were used in 
this study in order to systematically investigate de-alloying process on Cu-Zn alloy. 
The list of alloys include commercial Au-Ag and Cu-Zn alloys foil as well as in-house 
made Cu-Zn casting bulk alloys and Cu-Zn deposited films. The complete details of 
the microstructure and properties will be provided in Chapter 3.  
Nomenclature – in the following sections and chapters the different bimetal alloys 
will be referred to as M1M2X, whereby M1 and M2 represent the two different metals 
and X is the weight or atomic fraction (%) of the metal M2. 
 
2.1.1 Commercial foils 
Two types of commercial pristine alloys were used in this work. The first type of 
alloys were gilding metal leaves, processed by cold deformation, a process whereby a 
piece of bulk cast metal alloy was repeatedly hammered from a few millimetres down 
to few hundreds of nano-meters in thickness [200]. Two metal alloy leaves were used 
in this project including AuAg50, with a nominal thickness of ~120 nm; and CuZn15, 
exhibiting a ~150 nm thickness. These leaves were purchased from Gold Leaf Supplies 
(UK) and Sepp leaf products, Inc (USA), respectively.  
The second type of commercial alloys were thin foils which were manufactured 
through a rolling process. These materials were thicker than the gilding metal leaves, 
and exhibited different micro-structures compared to the gliding leaves due to their 




this thesis from in-house characterization tests will be presented in details in Chapter 
3 Pristine Materials Characterization. CuZn30 and CuZn37 thin foils were ordered 
from Alfa-Aesar (USA) and Goodfellow (UK) as shown in Table 2.1. The thicknesses 
of the CuZn37 foils ranged between 5 μm, 8 μm, 12.5 μm and 25 μm, while that of the 
CuZn30 was fixed at 25 μm. 
In order to distinguish the ultra-thin foil and the rest of alloy foil, AuAg50 ultra-
thin foil will be named as AuAg leaf in following chapters, as well as CuZn leaf for 




Table 2.1 List of commercial foils used in this thesis 
Alloy composition (wt. %) Thickness* Source Cat. No. 
AuAg50 120 nm Gold Leaf Supplies 1119XX 
CuZn15 150 nm Sepp leaf products, Inc. S2125 
CuZn30 25 μm Alfa-Aesar 13505 








*provided by the manufacturer 
 
2.1.2 Lab made pristine alloys 
Thin film alloys were fabricated by physical deposition in order to investigate the 
impact of materials grain size and grain boundary on the de-alloying process in this 
project. Physical deposition was selected since it offers higher statistical 
microstructure stability while also allowing for flexible compositions preparation 
[271]. Casting was also used for investigating the impact of planar density and inter-
planar spacing on the de-alloying process in this project. These materials were 
prepared at the ETH Zürich, Switzerland, during the candidate’s PhD exchange there 
in April-May 2015. 
 
2.1.2.1 Physical deposition 
The Cu-Zn thin films were deposited with a D.C. magnetron co-sputtering system 




as diffusion barriers at room temperature to prevent the inter-diffusion between deposit 
metal and Silicon substrate. A schematic of the system is shown in Figure 2.1. The 
samples were either formed through single or multiple target sputtering as presented 
in this section. 
Brass (CuZn26, purity >99.99%, MaTeck, Germany) targets were used for the brass 
thin film deposition. An Ion Bombardment Assisted Deposition (IBAD) method was 
applied using a broad ion beam source (KRI KDC 40, beam energy of 1.2 keV, for a 
current of 5 mA and an incidence angle of 35°) to deposit (111) single grains of pure 
Cu and form thin foils of less than 100 nm in thickness on the Si substrates. These Cu 
foils were used as substrates for subsequent brass deposition (CuZn26) (Figure 2.1 (a) 
and (b)) in order to enlarge the grain size of the deposited films. 
During deposition, the support of the substrates was rotating at 30 rounds per 
minute (rpm) in order to minimize aggregation effects and homogenize the films 
thickness. The working pressure within the sputteringchamber was lower than 10-6 
mbar. The thickness of the sputtered films was around 1 μm ± 25 nm, as confirmed by 
film thickness analysis performed on a Filmetrics F20 (Filmetric, USA) which relies a 
tiny needle to measure the thickness through the height difference at the edge of testing 






Figure 2.1 Schematic of the D.C. magnetron co-sputtering system used to produce Cu-
Zn alloy thin film. (a) Deposition of a single Cu crystal (111) thin foil on the substrate 
using the IBAD method. (b) Single head deposition of brass thin foils (CuZn27) with 
brass as a single (Cu73Zn27) target. (c) Co-sputtering of Cu and Zn on Si substrates. 
 
2.1.2.2 Casting 
Casting bulk brass (CuZn26) materials was performed at the ETH Zürich, 
Switzerland. Pure Cu and Zn rods, ordered from MaTeck (purity > 99.9, Germany) 
were cut into small pieces (size ϕmax < 5 mm) and mixed by mass ratio prior to being 
molten in a sealed quartz test tube (Quartz Scientific, Inc. USA). Ar gas (>99.999%, 
PanGas AG, Switzerland) was used as a protective filler, pumped down to 22 kPa prior 
to sealing the quartz tubes with an oxy-acetylene torch. The sealed tubes were placed 
in an oven (Mini MBE, Createc Engineering Science, German) and heated up at a rate 




prior to cooling the furnace. The bulk alloys were collected by breaking the quartz 
tubes prior to being cut with a precision cut off machine (Accutom-50, Struers, 
Australia) into 1 to 2 mm thickness disks. The diameter of the disks was typically of 
18 mm.  
 
2.2 Samples Preparation 
In this section, details of samples mounting and polishing as well as preparation 
steps for required specific characterization will be presented.   
 
2.2.1 Samples polishing 
The roughness of the pristine foils was found to impart on the emission signals and 
to lead to shifts of characteristic peaks during composition and microstructure analysis. 
Regarding of this, the samples which will go to the microstructure analysis were 
therefore polished prior to undertaking these characterizations to reduce roughness and 
remove potential oxide layers. The de-alloyed samples were not polished since their 
thickness and mechanical strength were not found to be sufficient to handle the process 
without damage. 
 
2.2.1.1 Mounting prior to mechanical polishing 
Specific sample mounting was only applied for the samples which size was too 
small to be self-supported prior to mechanical polishing with the auto-polishing 
machine (0). The cast samples especially (size <5 mm) were difficult to handle for 
polishing, as well as the membrane samples positioned for cross-section views in a 




Mounting of the samples was performed by hot pressing a conductive resin (Resin 
622, Lam Plan, UK) into a CitoPress-20 (Struers, Australia). The surface of interest 
was exposed while the rest of the sample was embedded within the resin particles. The 
temperature of program was set to 180°C at a compression of 290 bar hold for 3 min. 
After curing the resin the samples were ready for mechanical polishing.  
2.2.1.2 Grinding prior to mechanical polishing 
Grinding was used as a pre-process to mechanical polishing to remove metal burrs 
generated from cutting and rounding the edge of the resin during mounting. Rounding 
edges was performed by grinding with P600 grinding paper (ISO 6344-3:2013(E)). 
This was performed in order to limit damage and premature failure of the polishing 
cloth. A series of grinding papers were used according to the sequence of P600, P800 
and P1200 if the sample was casting alloy sample (Table 2.2). The commercial thin 
foils prepared for cross-section views were only grinded by P1200 grinding paper. 
These samples laid perfectly flat upon grinding but were rotated by 90° when changing 
the grinding paper and thoroughly rinsed using water as lubricant. The samples were 
then subsequently mechanically polished.  
Table 2.2 Table of grit size used for grinding before polishing 





P800 √  
P1200 √ √ 
 
2.2.1.3 Mechanical Polishing 
Mechanical polishing was performed to reduce the roughness of the foils down to 




perpendicular normal to the face of interest, will however be decreased significantly 
by up to tens of micro-meters. Therefore, the mechanical polishing was only applied 
onto the thick bulk alloy and commercial foil samples, upon preparing cross-sections 
for microscopy and topology analysis.   
Mechanical polishing was performed on an auto-polishing machine LabPol-25 
(Struers, Australia) in order to parallel and equalize both top and bottom surfaces. A 
series of polishing clothes (MD-Plan, Struers, Australia) were used according to the 
sequence of 9 μm, 3 μm and 1 μm for 2 min, and followed by an oxide polishing (OP-
S NonDry, 40nm, Struers, Australia) for 30 sec as shown in Table 2.3.  The samples 
were sonicated with ethanol for 5 min at 70 W and washed with ethanol, prior to being 
dried with nitrogen gas. The polishing machine was thoroughly cleaned in order to 
prevent contaminating between different polishing cloths. 
 













Diamond polishing 6 DP-lubricant, yellow 
Diamond polishing 1 DP-lubricant, white 
Oxide polishing 0.04 0.5 OP-S NonDry1 
1 The polishing plate was always be kept wet with distilled water when using OP-S 
NonDry lubricant. 
 




Electrochemical polishing is an electrochemical corrosion process used to remove 
sharp peaks on the surface of metal. It used to be a subsequent process of mechanical 
polishing for upgrading the quality of surface and removing nascent oxide layers 
generated after mechanical polishing, especially for active metals such as zinc and 
aluminium [272, 273].  
Samples for electro-chemical polishing were mounted in a beaker and two 
electrodes connected to a DC power supply (BK Precision 9206, B&K Precision CO., 
USA), as shown in Figure 2.2. The sample was connected to the anode of the DC 
power supply. The samples were polished with a 60 vol. % water and 40 vol. % 
solution at 85% phosphoric acid solution at 1.5 V for 1 min. The sample and the 
cathode electrodes were placed parallel to each other at a 10 mm distance. A water 
bath was used to keep the temperature of the solutions constant at 20°C since the 
electrochemical etching lead to an increase of the bulk solution when working. The 
polished surface were cleaned with ethanol and dried with nitrogen right after 
polishing. The morphology of the electrochemical polished surface was not a mirror-
type one like for mechanical polishing but it was flat enough for surface analysis. 
 
 







2.2.1.5 Ion beam polishing 
Ion beam polishing is the third method used for polishing in this project. It is not a 
frequently-used method for metallurgy analysis due to the poor surface morphology 
obtained after polishing. However, it is the only liquid free method available which is 
the most appropriate and available way to remove metal oxide layers.  
Two types of ion beam polishing techniques were trialed including broad and focus 
ion beam polishing. Broad ion beam was used to remove oxide layers formed onto the 
surface of the samples since weakening the backscatter diffraction signal during grain 
orientation mapping (2.3.1.3). Broad ion polishing was performed on an Ion Milling 
System IM4000 (Hitachi, Japan) at 4 kV for 3 min with an 80° incident angle. The 
sample stage of IM4000 was continuously rotated in order to homogenize the treatment 
across the whole working area.  
Focus ion beam polishing is an in-situ polishing process performed by the focus ion 
beam system (FIB) of FEI Quanta 3D FEG FIB SEM, Hillsboro, USA). In-situ 
polishing was performed as a subsequent process after cross-section (CS) milling 
(2.3.1.3) in order to smooth the CS surfaces and improve the finish.  
 
2.2.2 Preparation of samples for bulk properties characterization 
Generally speaking samples were cleaned with ethanol and dried with nitrogen gas 
prior to any analysis. The details of the preparation steps required for each 
characterization devices are listed and presented in this section. 
 
2.2.2.1 Scanning electronic microscopy (SEM) 
Samples examined by SEM were pasted on aluminium stubs to fix while electrically 
grounding the samples. Silver paste (Acheson Silver DAG 1415 M, Agar Scientific, 




resolution imaging of surface. Carbon tape (Carbon conductive adhesive tape, Agar 
Scientific, UK) was otherwise used to mount the samples. The conductive samples did 
not require surface coating to increase the materials electrical conductivity. This was 
beneficial since limiting the risks to screen sub-micro porous features which may be 
misleading the analysis of the roughness and topography results. 
 
2.2.2.2 Surface roughness analysis 
The samples for roughness analysis did not require polishing but were ultrasonically 
cleaned with acetone and ethanol subsequently at room temperature for 5~10 min to 
remove adsorbed surface contaminants. The samples were then dried with nitrogen gas 
and mounted on glass slides with double-side tape to fix the sample as flat as possible. 
 
2.3 Materials Characterization Techniques 
The results were assessed by evaluating changes in morphology, composition, 
thickness of the etched layers, but also grain cell parameter, surface area and roughness 
before and after de-alloying operation. This section will present the technical details 
of the characterization techniques required for the above parameters, and also the 
microstructure characterization for investigating the impact of the materials 
microstructure on the de-alloying performance.  
Since most of the materials used in this thesis are thin foils, the ‘surface’ refers to 
‘plane surface’ which are the faces of materials without thickness while the ‘cross-








2.3.1 Scanning electron microscopy  
SEM, which is the main characterization technique used in this thesis, was utilized 
to characterize the surface morphology, composition, grain orientation and in-situ 
cross-section milling of the samples. The characterizations by SEM were performed 
with three different microscopes, when need be, including, a Supra 55VP FEG SEM 
(Zesis, Germany), a Leo 1530 FEG SEM (Zesis, Germany) and a Quanta 3D FEG 
FIB-SEM. The comparisons of the original results were performed as often as 
possible from data acquired from the same device in order to prevent irrelevant 
differences which may lead to variations due to the different algorithms used by the 
three different companies.  
 
2.3.1.1 Secondary Electron image for morphology 
Secondary Electron images (SE image) offer very high resolution details of the 
surface morphology, but cannot allow to distinguish different phases within a sample. 
A secondary electron detector at 5 kV for a 10 mm working distance was used for low 
magnification (less than 1 million times magnification) SE images. Due to the angle 
between the detector and electron gun, the amount of emission electrons travelled to 
the detector from different parts of a sample are different. In this case, the SE image 
therefore reveals a 3-D morphology of the sample. Although it would have been better 
to prevent surface charging, by using short working distances, too short working 
distances used to achieve high magnification led to low signal to noise ratio of the 
electron yield which affect the micrographs quality. For this reason, and in order to 
achieve high magnification, i.e. more than 1 million times magnification, an in-lens 
high resolution detector at 5 kV and 5 mm working distance was used (in-lens images). 
The working distance may be reduced in this case since the in-lens detector is set along 
the axis of the electron beam, and therefore offers a low incident angle as opposed to 
the secondary electron detector. However, in-lens images show only a 2-D 




plan. In this thesis, in-lens detector was only available on the Supra and Leo SEMs. 
Both the SE detector and the in-lens detector were used to characterize the materials. 
Surface pore size distributions were analysed from the acquired SE image. However 
due to the irregularity in the shape of the pores, an average pore size was obtained by 
fitting equivalent disks to the images. The details of the measurements can be found 
in the Supplementary Materials I.1: equivalent pore size measurement from SE image. 
 
2.3.1.2 Energy Dispersive X ray spectroscopy for composition analysis 
Wavelength-dispersive X-ray spectroscopy (WDS) and Energy Dispersive X ray 
spectroscopy (EDS) are the two main EM techniques available to determine surface 
compositions. Only EDS has been used for composition analysis in this thesis since 
readily available on all machines used. The technique was used to obtain the 
composition of the surfaces in a qualitative and quantitative manner. The principle of 
EDS relies on activated electrons freed by the incident electron beam during imaging. 
Each electron will be released at a characteristic energy corresponding to an X ray 
wavelength which in turn may be identified as belonging to a specific atom. 
Technically, composition information can be obtained by comparing the energy and 
intensity of characteristic X-ray generated and a data base. A precise quantitative 
analysis can be realized on a flat surface if standard samples are used to calibrate the 
system. Since the de-alloying sample is rough and cannot be polished, all of EDS 
results in this thesis are standard-less results and were directly integrated by comparing 
the data to a data base automatically by the SEM.  
The surface composition analysis was performed by EDS fitted on the Supra (Oxford 
X-Max 20 SDD) at 20 kV in high current mode for a 15 mm working distance analysed 
with the Aztec Software and EDS fitted on the Quanta (Apollo) at 20 kV in analytic 
mode for 10 mm working distance analysed with Genesis.  
The collecting time was at least 60 s in spectrum mode. The line scanning was 
running at quantitative scanning mode and 10k points for each line regardless of the 




and scanned at least 32 frames. Samples from the same series were always analysed 
on the same day and in the same conditions to ensure intra-series consistency. 
 
2.3.1.3 Electron Back-Scatter Diffraction (EBSD) for microstructure analysis 
EBSD is a very useful technique for material microstructure characterization 
allowing for deformation, fibre texture and grain morphology of materials 
determination. Although conventional techniques, such as XRD and TEM can also be 
used for similar applications, the EBSD technique is more convenient and flexible in 
terms of sample dimensions and able to be used on the surface of materials only. The 
principle of EBSD is that backscattered electrons from the incident electron beam 
diffract to form a pattern, typically referred to as a Kikuchi pattern, which contains 
information of planes across metal grain. These patterns were collected by the detector, 
and then identified with their Miller indices by comparison against a data base. The 
microstructure of materials can be resolved by combining all the data of different 
identified planes.  
In this thesis, EBSD was used to make orientation maps of grains, performed with 
a Nordlys S (Oxford (HKL), UK) on Supra and Leo and a Hikari (EDAX (TSL), USA) 
on the Quanta SEMs. The orientation analysis performed with the Nordlys S EBSD 
detector (HKL) fitted on the Supra and Leo SEM at 20 kV in high current mode and 
analysed with the Aztec Software (Oxford, UK). The scanning area is 200 μm × 150 
μm while the step size was 0.4 µm. The rest of the parameters for EBSD scanning have 
not been set and default manufacturer values were used.  
The orientation analysis performed on the Hikari (TSL) fitted on the Quanta at 20 
kV in analytic mode and analysed with an OIM software (EDAX, USA). The scanning 
area were either 5 μm × 5 μm, 3 μm × 3 μm, 1 μm × 1 μm and 2 mm × 2 mm for giant 
grain of casting bulk alloys analysis while the step size was set into 1/100 of the length 
of the scanning square, in a standard procedure. The background was collected from 
an average of 100 frames. The critical value of identify quality (IQ) was 0.2, and points 




The original EBSD data is an orientation map (Figure 2.3(a)) which reveals directly 
the size, shape and orientation of grains. Based on the orientation map, Misorientation 
Angle Distributions (MAD) could be obtained according to the statistics of the 
orientation map (Figure 2.3(b)). Misorientation angle referred to the inter-angle of two 
grains which can reflect the manufacture process of pristine materials or deformation 
occurred during operation or modification. The misorientation angle of neighbouring 
grains correlates to the mismatch of atoms on the grain boundaries which was 
previously shown to correlates to the electrochemical properties, and particularly here 
to the anti-corrosion properties of materials [39]. The Pole figure (PF) and Inverse pole 
figure (IPF) are stereographic projections of normal direction of each grains (Figure 
2.3(c) and (e)). The standard stereographic projection please refer to the literature 
[274]. These figures of stereographic projection were used to visualize certain types of 
fibre textures. Both PF and IPF can be converted into contoured PF or contoured IPF 
by overlapping the distribution densities of each crystal directions onto the original 
figure (Figure 2.3(d) and (f)). The contoured figure can highlight the preferential 
direction of the grains to identify the fibre texture of the material. In this thesis, EBSD 
was used in order to distinguish microstructure of samples with quantitative indicators 
to investigate the impact of the grain orientation and crystallography on the final 











Figure 2.3 Example figure of EBSD original data and processed data. (a) Orientation 
map. (b) Misorientation angle distribution. (c) Pole figure. (d) Contoured pole figure. 
(e) Inverse pole figure. (f) Contoured pole figure 
HKL and TSL are two different EBSD systems based on specific algorithms which 
data cannot be transferred or cross-analysed. The comparison of original EBSD 
orientation maps across the different systems was therefore avoided. The processed 
data of the EBSD results across the systems is however comparable regardless of the 
original algorithm. As a result, the processed data from both HKL and TSL system 
will be listed and compared in this thesis. 
 
2.3.1.4 Focus Ion-beam for cross-section preparation and view (CS view) 
Focus Ion-beam (FIB) milling relies on the concentration of a narrow beam of high 
energy ions released from a heated ion source to strike out atoms across the surface of 
samples. Similarly to milling, it exposes the inner morphology underneath the surface. 
FIB is used for the preparation of small samples, reveal CS view or pattern surfaces in 




detector, undesired damage on the surface would occur from ions bombardment and 
exposure duration of the beam across the surface should therefore be limited. 
FIB patterning was performed at a high current ion column with a Ga liquid metal 
ion source at 30 kV and a 10 mm working distance. There were two types of patterning 
in this thesis, the first being milling of a square window in a random position or on the 
edge of the samples for CS view, which may be needed prior to EBSD or EDS analysis 
on the CS. The CS preparation process consisted of several consecutive FIB milling 
steps with a regular milling section prior to a series cleaning sections which details of 
dimension have been reported in Figure 2.4. These cleaning steps were required to 
polish the surface of the sample in situ and remove grooves formed during the regular 
milling due to the shaking of high Ga beam current. An extra volume of material 
needed to be milled in order to insure the path of signal from detected area to detector 
(Figure 2.4 (b)) if the sample is used for EBSD mapping. Since milled materials may 
redeposit onto the surface of the CS, de-alloyed samples required another cleaning step 
at lower current density to remove re-deposit oxides (Figure 2.4 (c)) in order to not 
affect the morphology of the samples. Furthermore, in order to study the impact of the 
microstructure on the final de-alloyed sample morphology, pristine foils were marked 
with a cross with the FIB prior to de-alloying, as discussed in the second part of this 
thesis. This patterning process was performed to simply the location of features and 
consistently EBSD or EDS map the same surface area. The depth of patterning was 
comprised between 400 nm to 1 μm depending on whether the patterning was removed 






Figure 2.4 Schematic of CS milling with FIB. (a) Pattern size of regular CS milling. 
(b) Pattern size of CS/EDS/EBSD milling on the edge. (c) Ion beam current and Y 
dimension for each milling section 
 
2.3.2 X-ray diffraction for Crystallography and qualitative analysis 
X-ray diffraction (XRD) is a conventional technique used for crystallography 
analysis, which is similar to EBSD. Compared to EBSD, XRD is less visual and can 
only reveal the average information of detected volumes of materials by going through 
a stab of sample. The samples atoms are activated by the incident X-ray beam releasing 
a new set of X-ray with the same frequency, which is called elastic scattering [277]. 
The scattered X-ray will be coherent with each other and generate a special diffraction 
pattern, which is call XRD. The analysis of XRD patterns is based on the Bragg law 












Where n is an integer, λ is the wavelength of X-ray, d the inter-planar spacing and 
θ is the intersection angle of the incident and the scattering beam.  
Due to constructive and destructive interferences, the XRD pattern exhibits a series 
of peaks which are characteristic peaks and can reveal materials microstructure. The 
lattice type, lattice constant, composition qualitative analysis can be obtained by 
refining and matching the experimental XRD patterns with standard patterns. 
Furthermore, grain size quantitative analysis can also be achieved by executing XRD 
refinement on XRD patterns and comparing with standard patterns. The advantages of 
XRD is the simple requirements for the samples preparation and the easy set-up if 
samples only go for a simple scan. The fiber texture analysis with XRD requires 
rotation and tilt of the samples over the orientation sphere which is more time 
consuming and complicated compared to direct EBSD mapping. In this case, XRD 
was only used to reveal the lattice types and reflect lattice constant shifts.  
XRD crystallography analysis was performed on a Panalytical X’pert Pro 
(PANalytical, Netherlands) with a 0.04° step size per second at 40 kV. The data were 
analysed with X’Pert HighScore Plus Software (PANalytical, Netherlands). Peaks 
analysis were performed on the samples before and after de-alloying to assess the 
formation of metal oxide surface layers as well as potential shifts across the crystalline 
phases due to the less noble metal atoms leaching from the matrix. Since XRD patterns 
are made of the sum of scattered X-rays from the irradiated area, results were used to 
present the microstructure changes before and after de-alloying and compared with the 
results of SEM. 
 
2.3.3 Small angle X-ray scattering (SAXS) for in-situ investigation of 
materials geometry information 
SAXS is used to represent the material structure and relies on the coherent 
scattering of scattered X-rays across matter. Since both XRD and SAXS are based on 
the same principle, Rayleigh scattering, the Bragg equation (Equation 2.1) can be used 




introduced to replace the scattering angle, which leads to a direct relationship between 
the scattering vector and diffraction angle θ as shown in Equation 2.2. 
q = 4π ∙ sinθ/λ 
Equation 2.2 
 
Where 𝜆 is the wavelength of the X-ray beam. Compared to XRD, SAXS is a 
sensitive technique to reveal geometrical or topographical features across surfaces or 
thin bulk materials. It is less sensitive to evaluate sub-nanometre microstructural 
features inside materials, typically accessed by XRD. Here, SAXS was used to 
evaluate changes of surface geometry of the de-alloyed samples both in and ex situ.  
SAXS experiments were performed at the Australian Synchrotron (AS, Melbourne, 
Australia) on the SAXS/WAXS Beamline. The scattering patterns were analysed with 
Scatterbrain 2.10 (Melbourne, Australia) supplied from the SAXS technical group at 
the AS following procedures previously described [278]. The detector was a Pilatus 
1M (Melbourne, Australia) with a beam energy of 16 keV. Two camera lengths were 
used in this thesis, namely 0.9 m and 7 m. The selection of the camera length depended 
on the distribution range of interesting features sizes. For the short camera (0.9 m) 
length, smaller features (0.9 ~ 55 nm) could be detected while for the longer camera 
length (7 m) revealed larger features (7.5 ~ 450 nm). In-situ de-alloying experiment 
were performed at a 7 m camera length since requiring this range of physical 
dimensions. Although SAXS can only reveal a statistical information of geometry on 
irradiated area of sample, a full view of samples geometry changes along with de-
alloying conditions can be rebuild by combining with visual data of ex-situ experiment 
obtained by other techniques, such as SE2 image and XRD patterns. 
 
2.3.4 Surface roughness 
Surface roughness is an important morphological parameter of the de-alloyed 
materials since it will affect interfacial interactions with surrounding materials and 




porous structure of the de-alloyed material for the final target applications, height 
differences across the samples surface are valuable to understand the pitting and de-
alloying mechanisms. The surface roughness was therefore useful to investigate the 
kinetics of the de-alloying process at the very early stage, prior to full 3D structure 
formation. The surface roughness measurement in this project was performed with two 
techniques including atomic force microscopy (AFM) and optical profilometer (OP). 
AFM is a contact technique while OP is a non-contact technique. Although large 
roughness variations may alter the AFM measurements and prevent proper analysis, 
AFM offer much higher spatial resolution than profilometry which however allows for 
flexible height dimensions determination at the micron scale. These techniques can 
however not probe pores across materials, and in this thesis, surface roughness was 
therefore used as an evidence of surface porosity or pore size as well as pitting, and 
were statistically correlated to SEM data. 
High magnification spatial mappings of small area (25 μm2) were performed on a 
Bruker Multimode 8 AFM in taping mode with taping tips (RTESPA, MPP-11120-10) 
provided by Bruker Co. (Billerica, MA, USA) at a scanning rate of 0.5 Hz. Low 
magnification mappings were performed on two OP. For the pristine material, 
mappings of larger area (1 mm2) were performed on an AltiSurf 500 profilometer with 
CCS Prima Sensor and CL2 Probe from Altimet SAS (Thonon-Les-Bains, France). 
The Bruker Wyko nt1100 profilometer (Burker, USA) was used to perform batch 
measurement on de-alloyed samples of different series.  
The surface roughness was directly measured from the mapping data by the 
software correlated to each devices. The surface roughness mentioned in the following 
chapters is an arithmetic average of the absolute value Ra (Equation 2.3). The median 













2.3.5 Volume composition analysis 
The ion beam detected techniques, Proton-Induced X-ray Emission (PIXE) and 
Rutherford Backscattering Spectrometry (RBS), were the two non-destructive material 
analysis techniques used in this project. The volume analysis techniques were induced 
to this project for investigating the kinetics of de-alloying process as supplementary 
techniques for surficial detective techniques, such as XRD and EDS. The probed 
volume of surficial detective techniques, which will affect the results, correlated with 
the working voltage of electron beam and the density of material. Relatively, the 
probed beam of PIXE and RBS can transmit the whole thickness of the sample in our 
case, which can reveal a precise value disregarding the probed volume. The 
characterization of de-alloyed samples with PIXE and RBS were operated by Dr. Max 
Doebeli of Ion Beam Physics, ETH Zurich in Switzerland. 
2.3.5.1 Proton-Induced X-ray Emission for volume composition analysis 
The PIXE analysis is using protons instead of electrons to induced X-ray emission 
of atom. Its principle is similar to the Energy-Dispersive X-ray Fluorescence. 
However, since the mass of the proton is much heavier than the electron, the penetrated 
depth of proton beam on the PIXE can up to 50 μm [280] while the thickness of pristine 
Cu-Zn alloy sample is 25 μm. Therefore, the result of PIXE is volume analysis in our 
case. In addition, since the bremsstrahlung can completely avoid in PIXE, the 
sensitivity of the PIXE is 100 times more than the EDS, which potentially reveal the 
minor change of element during the de-alloying process. Theoretically, the PIXE can 
detect the element, which is heavier than carbon, however, more precise for the 
element, which atomic number is more than 13 [280]. In this project, the PIXE was 
applied for investigating the kinetics of de-alloying process as a supplementary 
technique (4.2.3). 
The de-alloyed sample was cut into a square (1 cm * 1cm) and mounted with Si 
wafer. The sample was left in a vacuum chamber and probed with 3 MeV protons 
beam. The emission X-ray was collected by a standard Si detector (Figure 2.5). The 





Figure 2.5 Schematic of PIXE (copied from Ion Beam Physics @ ETH Zurich) [281] 
 
2.3.5.2 Rutherford Backscattering Spectrometry for advanced volume composition 
analysis 
The RBS is a standard technique of ion beam analysis, which based on the principle 
of relationship between backscattered energy and mass of detected atoms. Compared 
with the PIXE, the RBS is available for almost all of elements. In addition, the RBS 
can reveal the information of depth on detected sample, which correlated to the mass 
of element and thickness of sample. Therefore, the RBS analysis can potentially be 
used to investigate the kinetics of de-alloying process, where the thickness of 
sacrificed composition reduced with process progress. However, since the mass of Cu 
atom and Zn atom is very close, their scattered peaks of RBS curve cannot be divided 
in our case (Figure 2.6 (a)). Therefore, the RBS technique was used to investigate the 
thickness of CuO layer on the surface of de-alloyed sample for studying the kinetics 
of Cu-Zn de-alloying process (4.2.3).  
The de-alloyed sample was cut into a square (1 cm * 1cm) and mounted with Si 
wafer. The analysis was performed with 2 MeV 4He beam, which generated by the 6 
MV tandem accelerator, and a stardard silicon surface barrier detector. The depth 




universal fitting procedure [283]. The subtracted data was analysed with RUMP 
software(v.14) [284].  
 
 
Figure 2.6 (a) sample RBS curve of CuZn de-alloyed sample(1 μm deposited thin film) 
Schematic of RBS (copied from Ion Beam Physics @ ETH Zurich) [285] 
2.4 De-Alloying Process 
The de-alloying processes were performed in order to remove Zn atoms, the 
sacrificial element in the Cu-Zn system. Nine different experimental setups were 
developed and trialled during this work in order to investigate the kinetics of de-
alloying. The setups presented in this section will be classified into three parts, 
Conventional de-alloying process, enhanced de-alloying process and in-situ de-
alloying observation.  
In this thesis, all de-alloying processes are chemical de-alloying processes and 
relied on chemical reactions between an etching solution and the material to remove 
one of the components of the alloy. The chemical de-alloying tests did neither involve 
power supply nor include a counter electrode in the experimental setup. The only 
exception being in section 2.4.2.4 and 2.4.3.2 where cathode protection tests to 





2.4.1 Conventional chemical de-alloying experiments 
The chemical de-alloying process was performed by dipping the pristine alloy thin 
foils into an etching solution for a fixed duration and at a given temperature. The pH 
of the etching solutions was fixed by adjusting the concentration of either hydrochloric 
acid (HCl) [286] or sodium hydroxide (NaOH) [200] at concentrations comprised between 
0.01 mol·L−1 to 10 mol·L−1. The volume of the etching solution was fixed at 200 mL 
to limit the concentration and activity of the solubilized metal ions in solution. The de-
alloying tests were performed at temperatures ranging between 298 K and 353 K to 
assess the impact of temperature on the final material morphology, the solubilisation 
mechanisms and the atomic rearrangement processes. All samples were de-alloyed 
under stirring with a magnetic stir bar at a rate of 80 rpm to ensure homogeneity of the 
solution. Since pH values of 1 M HCl and 1 M NaOH was 0 and 14, respectively, 
the pH values of 10 M HCl and 10 M NaOH were respectively set to −1 and 15 in 
order to simplify the explanation. 
The position and orientation of the sample during the de-alloying process may 
impact on the final morphology. The de-alloying test setup used here is referred to as 
a “half immersed” mode. This implies that part of the sample was partially immersed 
in the solution while the other part was exposed to the air. The samples were mounted 
with an electrically insulated tools which are plastic twicers, tapes or glass hook, and 
kept at a 10 mm distance from the wall of the container and from the stirring bar.  
 
2.4.1.1 Single-side de-alloying 
Single side de-alloying treatments were performed on the ultra-thin foils, in order 
to limit mechanical stress across the thin samples which were sometimes mechanically 
too weak to self-support themselves and also to delay the formation of pores across 
the material. This allowed for a fine investigation of the relationship between the pore 




one side of foil to prevent it from etching solution. The size of the tape was purposely 
larger than that of the foil samples. The other settings were otherwise similar to those 
of the dipping de-alloying test.  
 
2.4.1.2 Solution temperature control 
A water bath and reflux systems were used to heat up the solution and condense the 
evaporating water to maintain concentrations constant if the purposed solution was 
deviating from the target temperature. The water of reflux system was replaced by 
50% ethylene glycol (Tectaloy Xtra Cool Radiator Corrosion Inhibitor, Australia) in 
order to prevent freezing if de-alloying experiments were performed at 0oC.  
 
2.4.2 Enhanced de-alloying processes 
In this section, de-alloying processes were performed in order to satisfy specific 
purposes, such as preventing surface oxides deposition, force specific grains de-
alloying or inhibit electron transfer across the sample. These novel de-alloying 
experiments were called enhanced de-alloying process to differentiate from 
conventional chemical de-alloying experiments. 
 
2.4.2.1 Cross Flow Solution De-Alloying Tests 
Cross-flow tests using a water shear flow to replace solution stirring were 
performed to reduce the polarization of dissolved ions near the surface of the samples 
during de-alloying.  
A cross-flow rig (Figure 2.7) was designed to evaluate the impact of metal ions 
concentration polarization (CP) on the surface etching and on the pores formation 




solution was pumped through the module containing the sample with a peristaltic pump 
(Thermo Scientific FH100M Multichannel Peristaltic Pumps, Waltham, Ma, USA) at a 
rate of either 20 mL·min−1 or 72 mL·min−1. Two different configurations were tested to 
evaluate the impact of Zn and Cu ions on the de-alloying process, including, (i) a 
recirculating system whereby the etching solution was continuously recycled for the 
duration of the de-alloying test; and (ii) a non-recirculating system whereby the etching 
solution exiting the module was directly discarded. The later configuration offered the 
advantage over the former to offer a constant etchant concentration and a metal ions 
concentration close to nil thus maintain the activity of the solution constant over time. 
 
 
Figure 2.7 Schematic for Cross-flowed rig. (a): rig of non-recirculated flow; (b): 
referential rig, recirculated flow 
 
 
2.4.2.2 In-Position de-alloying for Microscopy Analysis 
In-position de-alloying was introduced to investigate the impact of the 
microstructure of materials, included grain size, grain orientation and grain 
boundaries, on the de-alloying process. The impact of the microstructure was assessed 




across samples over time. Since, SEM could not be performed with wet samples during 
in-situ experiments, the samples were repeatedly de-alloying, dried and placed in the 
SEM for imaging. This experiment was called “in-position de-alloying” to 
differentiate from the convention in-situ de-alloying process. 
In-position de-alloying observations were performed by marking a polished sample 
prior to performing de-alloying. This was performed by patterning a random position 
of the sample’s surface by FIB milling with a 2 μm deep cross (Figure 2.8). FIB 
milling is a smooth etching route that did not induce mechanical stress or plastically 
deform the sample and was shown to not alter the microstructure of the metal grains 
[275]. This technique allowed for the surface analysis of the same physical area at 
different stages of the de-alloying process.  
The de-alloying was performed without removing the sample from the stub to limit 
potential mechanical damage from the peeling operation. The sample mounting was 
performed with silver paste to facilitate cleaning. The de-alloying tests were performed 
by dropping a fixed 100 µL volume of the etching solution on the surface of the 
sample. The etching solution was then washed after 5 min of exposure with DI water 
for three times prior to drying with nitrogen gas. The samples were eventually 
conditioned in vacuum for up to 15 min prior to being inserted within the SEM 






Figure 2.8 Patterning of the pristine sample by focus ion beam (FIB) - marking prior 
to EBSD. The scale bar corresponds to 50 μm. 
 
2.4.2.3 De-alloying on selected grains 
The experiment in this section has a similar target as that described in last section 
(2.4.2.2) but was investigated on selected grains rather than in random positions. The 
selection of the grains mainly depended on their sizes (at least 2 mm in size) in order 
to get rid of the impact of grain boundaries which are preferential sites for chemical 
etching [37] and would therefore cause on-reproducible results. Equiaxied grains 
which have close dimensions in all direction are the best option for this experiment. 
However, the zinc composition within the alloys segregated during solidification led 
to Equiaxied grains too narrow for this operation. For this reason large dendritic grains 
formed during casting alloys preparation were taken as the research object for this 
experiment.  
The bulk samples were mounted with conductive resin (2.2.1.1) prior to being 
mechanically polished (0) to obtain a surface with a roughness below 25 nm. The 
samples were then etched with a mixed ferric chloride (FeCl) 5 g and a 50 mL 




requirements was located on a BX51 optical microscopy (Olympus, Japan) at 50X 
magnification and the position of the selected grain was marked with a mark pen on 
the sample. The samples were cut by a precision cut off machine based on the marked 
position in order to expose different faces of the grain and therefore different 
orientations (Figure 2.9).  
All the cut pieces were mounted with conductive resin prior to being mechanical 
polished. EBSD analysis (2.3.1.3) was performed on the sample for precise positioning 
and orientation characterization. The scanned areas were marked by FIB (2.3.1.4) and 
SE2 images acquired for each grain to reflect the morphologies of the pristine grains. 
After characterization by EBSD, the marked samples were soaked into the etching 
solution again (1 M NaOH) for 10 min. The etched sample was cleaned with de-
ionized water followed by ethanol and drying with nitrogen gas before investigating 
again with SEM on the same marked area for comparison. The etching and 
characterization cycles were repeated until the morphologies of different orientations 






Figure 2.9 De-alloying on selected grain. (a) Grain located. (b) Schematic of sample 
cutting. (c) Example of a sample cut at different angles to etch the same grain from 
different directions and to reveal different inherent microstructures. 
 
2.4.2.4 Cathode protection during de-alloying 
The rearrangement of the master atoms across the alloy, such as Au or Cu, during 
de-alloying process is an unavoidable phenomenon. The purpose of this section is to 
prove the de-alloying of low Zn brass content could not proceed continuously since 
shielding the rearrangement of Cu atoms. 
In order to protect Cu during de-alloying operation, a potential was applied across 
the samples. A countered electrode was titanium foil, to prevent anodizing of 
electrode, from Fuel Cell Store (USA) was placed parallel to the sample in a small 




electrode was 2 cm while the size of the counter electrode was larger than the sample 
in order to homogenize the current density. A BK Precision 9206 was used as the 
power source while a 1 M NaOH was used as the etchant/electrolyte for this series of 
tests. During the test, the cable connecting the sample and electrode was not put in 
contact with the electrolyte at all to prevent unexpected reaction happening. The 
potential selection was based on the Eh-pH diagram of Cu and Zn (Figure 2.10 (c) and 
(d)). According to the Eh-pH diagram of Cu and Zn, the output potential of power was 
adjust in order to selectively protect Cu from etchant. Since water may be electrolysed 
when potential between two electrodes were over 0.4 V, the current has been limited 
to 0.001 A in order to keep the pH balance during the experiment. The blank reference 








Figure 2.10 (a) Schematic of the de-alloying process with cathode potential protection. 
(b) Picture of experimental setting. (c) Simplified Eh-pH diagram of Cu [287]. (d) 
Simplified Eh-pH diagram of Zn [287] 
 
2.4.2.5 Ultrasonic assisted de-alloying process 
Ultrasonic waves with specific frequencies (20 – 100 kHz) generate cavitation 
effects which may cause localized, extremely high, temperatures and pressure burst 
releases within liquids, and thus break bonds or etch layers across the surface of 
materials [218, 222, 228]. Both these effects can accelerate the rate of chemical 
reactions. The precipitation of noble atoms (Cu in this thesis) during the de-alloying 
process will be either inhibited or depositions progressively removed from the surface 
upon addition of the ultrasonic wave field.  In addition, the concentration polarisation 




prevent the formation of a concentration polarisation, thus potentially accelerating the 
de-alloying process by ensuring a continuous metal ions diffusion from the material 
and pores surface. This work was performed at the University of Melbourne and Surrey 
University under the guidance of Dr Judy Lee. 
The design of cell for ultrasonic assisted de-alloying is shown in Figure 2.11(a). 
The plate transducer was driven by a programmable 15 MHz Hameg function 
generator (HM8131-2) for a transducer resonance frequency of 22.4 kHz provided via 
a Krohn-Hite power amplifier (model 7500). A jacketed beaker, lined to a water cooler, 
was used as the reservoir for the etching solution in order to prevent the transducer 
corroding and the solution temperature increasing during the process. Since the 
cavitation effects are not homogeneous within the affected zone due to the rough 
nature of the pristine material and to the presence of peaks and valleys, two setting 
positions were trialed to evaluate the impact of the orientation on the pitting 
mechanisms. The samples were placed either normally (Figure 2.11(b)) or in plane 




Figure 2.11 (a) Schematic of sonication assisted de-alloying reaction cell, (b) the 






2.4.2.6 Thermal de-alloying process 
Thermal de-alloying process is neither chemical de-alloying nor electro-chemical 
de-alloying. This process is a physical de-alloying process. The conventional chemical 
de-alloying process theoretically is the etching competition, in which one or some of 
components has/have been sacrifice to form a bi-continued de-alloying process[43]. 
The Zn atom was percolated from the matrix to the surface by Ker Kendall migration 
[205, 288] during the de-alloying process since the Zn composition of single phase 
Cu-Zn alloy used in this project was lower than Cu composition (Zn < 37 at.%). In 
other words, de-alloying a porous framework only require the Zn atoms migrated from 
the matrix to the surface of the pristine material, then left the surface of the material, 
such as dissolving to the etching solution in conventional chemical de-alloying 
process. On the other hand, the bond of Zn-O is stronger than that of Cu-Zn [289]. 
Therefore, the dezincification of Cu-Zn alloy is naturally happened through the 
oxidation process. However, the Ker Kendall migration is very slow at ambient 
temperature (20 °C) [290] and ZnO is relative stable in atmosphere at ambient 
temperature. Therefore, the design principle of thermal de-alloying is that heating the 
Cu-Zn alloy under the vacuum.  
In this project, the thermal de-alloying of the brass foils was heat-treatment at low 
pressure,  which was performed in two methods. (a) The brass samples were sealed in 
a quartz tube then heat-treated with a muffle furnace (Thermo Scientific TM, US), 
which experiments were performed at ETH, Switzerland and operated by Dr. Ludovic 
F. Dumée. (b)The brass samples were loaded in a quartz boat then heat-treated by a 
vacuum tube furnace from Lenton (LTF 14/50/450, UK) (Figure 2.12), which 
experiments were performed at Monash University and operated by Dr. Zhifeng Yi.  
Before heat treatment, brass foils were first cut into a size of 2 cm in length and 1 
cm in width. For (a) quartz tube sealing, the samples was put into the quartz then 
flushed the tube with Ar for 5 min to remove the air. The pressure of tube was pumped 
to 180 ~ 200 mTorr after flushing then sealed the tube by melting with flaming gun. 




pressure of 180 ~ 200 mTorr for 30 min to remove any adsorbed remaining oxygen 
gas molecules. Subsequently, a mixture of Ar / H2 (85/15) was used to purge and flush 
the tube and samples. The pressure was then set with these gases at 4 Torr for 15 min 
with a flow rate of 400 cm3·min-1. The samples were dwelled at target temperature 
under the Ar/H2 atmosphere (4 Torr). At cooling stage, the samples were naturally 
cooled (a) with funace and (b) under the vacuum (180 ~ 200 mTorr). After the 
temperature decreased to less than 100 oC, samples were took out from the furnace and 
stored at ambient temperature for following characterization.  
 
Figure 2.12 schematic of thermal de-alloying with tube furnace.  
 
 
2.4.3 In-situ de-alloying tests 
In-situ tests were used to investigate the change of morphology at the early stage 
played of the de-alloying process and thus correlate the kinetics to the pitting and pore 
formation mechanisms. Such in-situ tests, compared to conventional ex-situ 
experiments and characterizations, require high sample probing frequencies and must 
be highly controlled to prevent exposure to air, since potentially affecting the oxidation 
of the materials. Last, in-situ experiments must also be performed on consistent 




The de-alloying processes are typically performed with etchant liquid solutions. 
The environment is therefore critical and an in-situ experiment cannot be set up under 
vacuum or low pressure, as may be required with electron microscopy. Small Angle 
X-ray Scattering (SAXS), Small Angle Neutron Scattering (SANS), AFM and XRD 
were may be used for in-situ determination of metal materials microstructure and 
morphology at the nano-level since offering excellent contrast and low environmental 
requirements. In the case of nano to meso-scale pores formation, XRD is not suitable 
since it can only reveal composition or crystalline changes across the material. Both 
SAXS and SANS can however be used to investigate simultaneously the 
microstructure and surface/bulk morphology of materials, which are essential 
parameters to determine kinetics of reactions or of pore formation [1-3]. The q range 
window which may be visualized is directly related to the camera length and, in a 
lesser extent to the beam energy used, therefore allowing for analysis of materials in 
the range of <1 nm up to few hundreds of nm. SANS offers more contrast than SAXS 
between elements since the neutron is scattered by the nuclei of the atoms rather than 
by the outer electronic shells. Although SANS would be more sensitive to some degree 
of compositional changes, a major limitation lies in the neutrons penetrability across 
materials made of heavy elements and to the typically lower beam intensity compared 
to Synchrotron SAXS sources. In-situ SANS experiment would require long 
acquisition times to achieve high signal to noise ratios, which would be detrimental to 
fast kinetics determination. The same reason can also apply to the AFM. SAXS is 
therefore the only option for in-situ de-alloying tests at this period. 
In-situ de-alloying tests consisted in two parts, including SAXS on-line and a lab 
off-line tests. The SAXS on-line in-situ de-alloying tests were performed on the small 
angle scattering beamline at the Australian Synchrotron (AS) to investigate the 
morphology changes, including pitting and ligaments formation during de-alloying. 
Tests involving cathode protection were also performed while on-line in-situ de-
alloying tests were performing in AS. The off-line in-situ de-alloying tests were 
performed on the lab at Deakin University to investigate the change of etching solution 





2.4.3.1 In-situ chemical de-alloying with solution temperature control 
In-situ de-alloying experiments were performed to reveal the change of alloy during 
the de-alloying. Compared with in-position test, in-situ tests offered shorter sampling 
intervals, and their reaction environments were closer to the environment of 
conventional chemical de-alloying tests. In this section, SAXS was used to perform 
the in-situ experiment in order to investigate morphology and topography changes of 
the alloys at fixed target temperatures.  
In-situ chemical de-alloying experiments were performed with a quartz flow cells 
acting as a de-alloying reactor, in which, a small area of sample was exposed to an 
etching electrolyte shear flow on one side only. The schematic of flow cell is shown 
in Figure 2.13 (a), while its picture is shown in Figure SII.2. The etching solutions for 
these tests were 1 M sodium hydroxide (NaOH) and 10% Nitric acid (HNO3) for the 
Cu-Zn and Au-Ag alloys, respectively. The etching solution was placed into a jacketed 
beaker conditioned at 30 min prior ito the experiments to the target temperature which 
was set at 5 °C, 20 °C, 40 °C or 60 °C. The samples were attached to the flow cells 
with double sided Kapton® tape to seal the system and avoid leakages. An extra layer 
of Kapton® tape was placed on the back of the sample, outside the quartz cell, to 
ensure that the etching solution would not leak and corrode other devices if pores were 
penetrating across the thickness of the sample. The samples were put vertically in order 
to be in the pathway of the X-rays and facing the detector with the etching solution 
side facing the beam source. Only one side of the samples was de-alloyed at a time. 
The energy of the beam was set at 16 keV. The acquisition of the SAXS patterns was 
performed every 30 s. The etching solution was pumped through the flow cell at a flow 
rate of 30 mL∙min-1. Furthermore, since approximately 2 min were required for 
evacuating and closing the SAXS hatch, the pump was remotely started from outside 
the hatch to start the de-alloying experiment. The patterns were acquired right before 
the etching solution contacted the samples and were used as a background for 
normalization. Each sample was therefore its own reference and the physical area 
probed by the X-ray beam was consistently the same during each test. A schematic of 






Figure 2.13 (a) Schematic of the flow cell and (b) schematic of the in-situ chemical 
de-alloying experiment on the SAXS beam line  
 
2.4.3.2 In-situ electro-chemical de-alloying 
In-situ electrochemical de-alloying experiments were performed with a similar 
setup as the one described in 2.4.3.1. The quartz cell, is shown in Figure SII.3, was 
however pierced on both sides to allow for setting the counter electrode on the opposite 
site of sample. A 1 M NaOH solution was chosen as the etchant/electrolyte of in-situ 
cathode protection de-alloying process. 
The X-ray beam conditions and overall sample mounting procedures were the same 
as those described in 2.4.3.1 while the counter electrode was set opposite to the sample 
and closer to beam source. The counter electrode, made of carbon cloth was punched 
with a hole in its centre to prevent interactions within the X-ray pathway and mounted 
similarly to the samples presented in 2.4.3.1.   
The rest experimental setting of in-situ test was applied the same setting as ex-situ 
test, which was presented in Section 2.4.2.4. A BK Precision 9206 was used as the 
power source while a 1 M NaOH was used as the etchant/electrolyte for this series of 
tests. The potential was selected the same value with ex-situ tests in case for 
comparison. The reference electrode, which should theoretically be placed between 




For this reason, a salt bridge was made of paper tissue and a 10 M NaCl was inserted 
from the outlet of flow cell. Since the outlet of the flow cell was blocked by the salt 
bridge, the electrolyte could not flow but permeate along the salt bridge. In this case, 
the flow rate of the pump was reduced to 10 rpm to maintain the solution levels. In 
addition, the carbon paper (MGL190, AvCarb®, US) was used to replace the titanium 
as the countered electrode since the titanium foil would0 block and scatter the beam.  
The potential selection of the in-situ cathode protection tests during SAXS was the 
same as that presented for the de-alloying experiments with cathode protection (Figure 
2.14). This was performed in order to correlate the physical properties and the in-situ 
experimental SAXS results.  
 






2.5 Pre- and post-treatments to alter the structure of de-
alloyed porous metallic membrane 
The microstructure of the alloys may affect the final de-alloying morphology, pre-
treatments of the alloys are essential to alter the grain size distribution and potentially 
the ligament formation during de-alloying. The main parameters to be systematically 
studied will be these related to alloy microstructure including the grain orientation, 
grain size distribution and the number of phases. Heat treatments were performed to 
increase the average grain size of the pristine materials.  
2.5.1 Heat treatment of pristine samples 
Heat treatments were performed by annealing the foils to coarsen the grains of the 
pristine materials. Generally, regardless of the level of oxidation, the composition of 
the alloys should not change upon heat treatment. After mechanical or thermal stress 
a different grain size distribution, orientations or number of phases through phase 
separation may be however achieved [291]. 
Annealing treatments were performed with a GSL 1100X tube furnace under Ar 
atmosphere (purity > 99.99%, Coregas, Australia) at 20°C/min heating rate. The 
soaking temperature range for temperatures from 600°C to 1000°C depending on the 
requirement and composition of materials. The annealed samples were cooled with the 
furnace. Although an Ar atmosphere was used during heat treatment, the oxidation of 
Zn with O2 adsorbed into and onto the sample may not be fully prevented in 
preliminary experiments since the Cu-Zn bonds is weakest bonds amongst the Cu-Zn 
bond, Cu-O and Zn-O [289].  
2.5.2 Ultrasonic pre-treatment of pristine samples 
The cavitation effect of ultrasonic treatment or ultrasonication will generate a strong 
liquid jet by collapsing the vacuum bubbles, which generated by ultrasonication. The 
shear-force motivated by the liquid jet may damage the surface of the sample. 




comparing the samples de-alloyed with ultrasonic wave assisted de-alloying process 
to investigate the effect of the ultrasonic wave on the chemical de-alloying process. 
This work was performed at the University of Melbourne and Surrey University under 
the guidance of Dr. Judy Lee and Mr. Wu Li. 
In this project, the ultrasonic pre-treatment was a series precursor experiment prior 
to the ultrasonic assisted de-alloying (section 2.4.2.5). The ultrasonic pre-treatment 
was to investigate the impact of frequency and input power on the pristine material. 
Besides comparing the morphology of treated samples, these treated samples would 
be de-alloyed and characterized after de-alloying to confirm whether the ultrasonic 
caused hidden change on the pristine material.  
The experiment for investigating the impact of frequency was used the cell for 
ultrasonic assisted de-alloying is shown in Figure 2.13(a). The plate transducer was 
driven by a programmable 15 MHz Hameg function generator (HM8131-2) for a 
transducer resonance frequency of 22.4 kHz provided via a Krohn-Hite power 
amplifier (model 7500). The aqueous solution was DI water instead of the etching 
solution.  
The experiment for investigating the impact of input power was used the horn-
transducer driven by a Branson 20 kHz Sonifer (Emerson, US). The schematic of the 
experimental cell is shown in Figure 2.15. The horn-transducer was inserted into DI 
water for 1 cm away from the water surface. The samples were fixed to be 
perpendicular or parallel to the transducer and 1cm away from the transducer (top edge 





Figure 2.15 (a) Schematic of reaction cell for ultrasonic pre-treatment with horn-
transducer, (b) the sample is perpendicular to the plate transducer and (c) sample is 




Chapter 3  Pristine Materials Characterization 
This chapter defines the pristine materials used in this project and clearly present 
their native microstructure, morphology and properties prior to de-alloying. This 
chapter was written in order to help the reader understand the rationale of the following 
research contents and for the sake of preventing redundant discussions within 
following experimental chapters. Brief comparisons between the materials might be 
performed to highlight the impact of the different films fabrication techniques on the 
materials final bulk properties. The materials of interest will include commercial Au-
Ag alloy foil, commercial Cu-Zn alloy foil, sputtering Cu-Zn alloy thin film and 
Casting Cu-Zn alloy bulk. The mechanical and electrical conductivity properties of the 






3.1 Commercial foil 
Commercial thin foils, made of Cu and Zn, (Table 2.1) are the main target materials 
used in this project and were chosen for their reliable and stable properties as well as 
their commercial availability. Furthermore, lab-made foils in the form of physical 
vapour deposited films and casting bulk films were also processed. The evaluation of 
the impact of the de-alloying process requires a thorough understanding of both 
environmental conditions used for the de-alloying process and of the native materials.  
 
3.1.1 Commercial AuAg50 leaf 
The AuAg50 pristine materials were commercial alloy thin foils. These foils, also 
called white gold due to their whitish colour, were a face-cubic centred (FCC) single-
phase alloy (Figure 3.1). Ag and Au are completely miscible metals which can form a 
substitution solid solution with any mixing ratio [264]. These materials have been 
extensively used for researches to form nano-textured or nano-porous Au-based 






Figure 3.1 Phase diagram of Au-Ag (re-phase from [264]). Solid line: AuAg50 
 
The AuAg50 foils used in this project were 120 nm thick and were fabricated by a 
conventional hammering process [200]. In a typical fabrication process, small pieces 
of millimetre thick AuAg50 alloys were firstly hammered until reaching tens of 
micrometres. The deformed alloy foils were then stacked into multiple-layers 
separated by black paper to prevent sticking on each other and continuously hammered 
until reaching the ~100 nm thickness. The surface of the foils (Figure 3.2 (a)) were 
found to be extremely smooth and exhibited a roughness (Ra) of about 7.3 nm, as 
obtained by AFM (Figure 3.2 (b)).  
 
Figure 3.2 Surface morphology of pristine 120 nm AuAg50 ultra-thin foil. (a) SEM 





As seen across the EBSD orientation map (Figure 3.3 (a)), the alloy matrix was full 
of large grains (φ>10 μm) while a small volume fraction of small grains was generated 
from fractured grains and transferred to the boundaries of the large during the 
deformation and manufacturing. Based on the misorientation distribution (MD) data 
(Figure 3.3 (b)), both correlated (dash) and uncorrelated (dash dot) plots are quite 
different from each other and also theoretical plot (random). The difference between 
the correlated and random distribution is due to the texture of AuAg50 ultra-thin foils 
while large amount of low angle boundaries is clearly due to the cold deformation 




Figure 3.3 (a) Orientation map of pristine 120 nm AuAg50 ultra-thin foil; (b) 
Misorientation angle distribution 
 
The PF (Figure 3.4 (a) and (b)) shows a series of concentric rings, which refer to 
the fibre texture. The IPF (Figure 3.4 (c) and (d)) indicated a (100) texture for the 
pristine foils. This result is in good correlation with the texture of pure gold leaf [274] 
which has a strong {100} texture. The fibre texture is a representation of the 
microstructure whereby grains present preferential orientation rather than random 
orientation. In {100} texture, the normal of {100} is parallel to the force direction of 
the hammering, which is perpendicular to the leaf plane. In the AuAg50, most of {100} 
planes were parallel to each other and both the atom density and the inter-planar 




The contoured PF (Figure 3.4 (b)) did not present continuous ring regions but 
diffraction spots, which correlated to specific grains orientation. This is due to the large 
grains across the scanning area. Only 147 grains were accounted for, which is 
potentially not enough for a trustful statistical fibre texture analysis. However, given 
the large grain size and the thickness of this alloy, it is very difficult to have a truly flat 
surface accommodating 6000 grains, as typically used for such analysis. A second area 
was scanned to confirm the {100} fibre texture structure of the AuAg leaf, providing 






Figure 3.4 Pole figures and Inverse pole figure of pristine 120 nm AuAg50 ultra-thin 
foil for fibre texture analysis. (a) PF; (b) contoured PF; (c) IPF; (d) contoured IPF 
 
The AuAg50 leaves were used as benchmark materials for the de-alloying process 
and as a comparison point with the Cu-Zn alloys. The results of de-alloying on the Cu-




alloyed AuAg50 in order to establish relevant comparisons and correlations with 
literature.  
 
3.1.2 Commercial Cu-Zn alloy (brass) thin foil 
Cu-Zn alloys (brass) are the main alloy materials used for this project. The 
motivation behind the choice of Cu-Zn alloys was related to the potential application 
of nano-textured and nano-porous copper and copper oxide for their surface reactivity 
and electrical as well as thermal conductivity properties. Such properties are extremely 
valuable for application in catalysis, phonon transfer or for heat exchange, relevant to 
the objectives of this work [43].  
Brass alloys are relatively cheap compared to other catalytic materials and may be 
processed commercially as thin foil alloys and come in a varied range of composition, 
microstructure and dimension. Furthermore, brass alloys meet the requirements of de-
alloying since the gap in standard corrosion potential between the Cu and Zn metals is 
theoretically large enough to allow for selective chemical or electro-chemical etching 
(CH1 Literature review). It is therefore possible to correlate the different pristine 
materials properties and assess the impact of the composition and microstructure on 
the final de-alloying morphology. In addition, the impact of the manufacture methods, 
leading to varied microstructure may also be directly evaluated. In this section, brass 
alloys of different compositions and thicknesses were used and are presented. The 
materials are comprehensively characterized and these results will be used as 
benchmarks for the Chapters 4, 5 and 6.  
Commercial brass leaves (CuZn15) were fabricated through a hammering process 
such as that reported for the AuAg leaves mentioned in 3.1.1. On the other hand, the 
commercial brass alloy foils (CuZn30 and CuZn37) were fabricated through a rolling 
process. The rolling process may lead to a rolling texture as opposed to the hammering 
process where the deformation direction is parallel to the rolling direction and 
perpendicular to surface normal direction. The impact of the pristine microstructure 






3.1.2.1 Compositions and correlated lattice structure 
The Cu-Zn phase diagram is shown in Figure 3.5. All the foils considered in this 
study, namely CuZn15, CuZn30 and CuZn37, as well as the cast lab made CuZn26 
alloys are single phase substitution solid solution [264]. This means that although the 
cell structure is the same for all of them, the lattice constant will increase 
proportionally with the Zn atom content due to the larger radius of Zn atom. The FCC 
lattice has four characteristic peaks namely {111}, {200}, {220} and {311}. The 
position of the peaks is dependent on the lattice constants [264, 292]. The intensity of 
the peaks can reflect to the inter-planar spacing of each correlated lattice plane and 
also the grain size and orientation in XRD refinement. The microstructure of the 
materials can also be evaluated by EBSD, which is quicker than XRD to evaluate grain 




Figure 3.5 Phase-diagram of Cu-Zn (rephrased from [293]). (a) dash dot: CuZn15; (b) 





The lattice constants of CuZn15, CuZn30 and CuZn37 were calculated from their 
XRD patterns (Figure 3.6), and were found to be consistent around 3.68 Å, at 3.68 Å, 
and 3.69 Å respectively. The atomic density is therefore common to all brass 
composition used in this project since the difference of lattice constants among each 
composition is far less than 1%. The low intensity and the absence of peaks around 
50º and 90º in Figure 3.6 (c) may be caused by the small thickness of the materials, 
which cannot scatter enough signal to the detector.  
 
 
Figure 3.6 XRD patterns of the Cu-Zn alloy thin foils for (a) 150 nm CuZn15 foil. (b) 
25 μm CuZn30 foil. (c) 5 μm CuZn37 foil. (d) 25 μm CuZn37 foil 
 




The CuZn15 alloys were fabricated through a hammering process similar to that of 
the AuAg50 leaves, and exhibited a smooth surface with a lower roughness at 10.41 
nm (Figure 3.7 (a) and (b)). On the other hand, the CuZn30 and CuZn37 alloy thin 
foils, which were fabricated through a conventional rolling process, were marked up 
by traces of rolling operations and a roughness of 21.9 nm was found (Figure 3.7 (c) 
and (d)).  
 
Figure 3.7 Surface morphology of Cu-Zn foil. (a) SEM image and (b) AFM mapping 









The difference in microstructure between the CuZn15 and the other two brass alloys 
reflects firstly on the grain size and MAD, which was shown in Figure 3.8. The 
detected grain size across the CuZn15 foils was found to be larger than 10 μm in 
equivalent diameter, with a great amount of low angle misorientation (LAM) (Figure 
3.8 (a)), very similarly to the AuAg50 (Figure 3.3 (b)). On the other hand, the detected 
grain size of CuZn30 foils was found to be smaller than 2 μm with a great amount of 
twin grains which are reflected by the high intensity of correlated plot in MAD of 
CuZn30 (Figure 3.8 (b)). The MAD of CuZn30 implied that the 25 μm CuZn30 foils 
were fabricated through a hot rolling process during which uncorrelated and random 
(theoretical) distribution of MAD are very similar to each other. The 25 μm thick 
CuZn30 foils were primarily made up of recrystallized grains [294] and those LAM 
are due to intra-grains dislocations. The EBSD mapping of CuZn37, presented in 
Figure 3.8 (c), shows a very similar mapping and distribution with CuZn30. Therefore, 





Figure 3.8 Orientation data of Cu-Zn foil. (a) 150 nm CuZn15 foil. (b) 25 μm CuZn30 
foil, plane view, the RD ⊥ Z. (c) 25 μm CuZn37 foil, plane view, the RD ⊥  Z 
Although the CuZn15 foils were fabricated by the same method as the AuAg leaves, 




as presented in Figure 3.8. Both CuZn15 and AuAg50 alloys are FCC lattice single-
phase materials and should therefore have the same microstructure since fabricated 
through a similar manufacturing process. {110} texture can be a transmit state of FCC 
lattice single-phase alloy during hammering while {100} texture is the final state of 
such alloy after hammering. As a result, the normal of {110} in CuZn15 is mostly 
parallel to the force direction of hammering which is perpendicular to the leaf plane 
with same atom density and inter-planar spacing across the thickness.   
On the other hand, the CuZn30 and CuZn37 foils exhibited a preferential grain 
direction rather than a fibre texture, as shown across the PF and IPF in Figure 3.10 and 
Figure 3.11. Indeed, the symmetric figures, shown in Figure 3.10 (b) and Figure 3.11 
(b) is the typical PF for rolling copper alloy. The CuZn30 and CuZn37 foils were 
therefore fabricated through a conventional hot rolling process and most of grain being 
aligned along the rolling direction and also released the residual stress and retained the 
formation of dislocation [295]. In this case, CuZn30 and CuZn37 foil are composed 






Figure 3.9 Pole figure and Inverse pole figure of 150 nm CuZn15 foil. (a) PF; (b) 






Figure 3.10 Pole figure and Inverse pole figure of 25 μm CuZn30 foil. (a) PF; (b) 






Figure 3.11 Pole figure and Inverse pole figure of 25 μm CuZn37 foil. (a) PF; (b) 
contoured PF; (c) IPF; (d) contoured IPF 
 
3.1.2.4 Physical and mechanical properties 
Theoretically, Cu metal is stronger and more conductive compared to Zn metal. 
Since the free energy of atom-atom bond ECu-Cu (1.192 kcal·mol




than ECu-Zn (3.742 kcal·mol
-1 at 600K) and EZn-Zn (5.159 kcal·mol
-1 at 600K) [289], Zn 
atoms prefer to aggregate rather than well distribute across the matrix of the alloy.  
Although all of alloys used in this project are single-phase brass, the hardness and 
strength of material are proportional to the Zn content while the elongation of material 
is negative proportional to the Zn content. This is so called alloy-strengthening [295]. 






Table 3.1) however do not follow this trend, and the CuZn15 alloy appear to be 
mechanically weaker than the CuZn30 one, while the CuZn37 alloy is more conductive 
than the CuZn30.  
One explanation of this phenomenon is that the increase of Zn within the 
composition decreased the average grain size across the alloys which may improve 
their mechanical properties due to the higher volume ratio of inter-grains boundaries 
[296]. Meanwhile, more inter-grains boundaries means more interfaces in the matrix 
of the materials, which directly affected the phonon transfers across the material. The 
conductivity of the materials, as a result, decreased with smaller grain size 
distributions. The physical and mechanical properties shown in Table 3.1 is therefore 
reasonable regarding to the previous EBSD mapping, and also implies that the average 







Table 3.1 Physical and mechanical properties of Cu-Zn alloys as supplied by 
manufacturers [297] 
 
CuZn15 CuZn30 CuZn37 
Physical properties    
  Density (g·cm-3) 8.75 8.55 8.45 
  Thermal conductivity (W·m-
1·K-1) 
159 109 – 121 125 
  Electrical Resistivity (μΩ) 4.6 – 5.4 6.2 – 7.8 6.2 – 6.6 







Mechanical Properties    
  Elongation at break (%) <60 <65 <55 
  Hardness – Brinell 65 – 125 65 – 160 65 – 136 
  Tensile strength (MPa) 250 – 400 300 – 700 330 – 500 
 
 
The CuZn30 and CuZn37 alloys were used as the main pristine materials for 
chemical de-alloying within this thesis, while the CuZn15 was used to correlate with 
the Au-Ag alloy since exhibiting a similar microstructure and thickness as the AuAg 
leaves. The impact of the materials composition on the kinetics of de-alloying process 







3.2 Lab-made Cu-Zn alloy 
In this section both physical deposited alloy thin films, which compositions and 
microstructures were statistically unique, and cast bulk alloys, which structures were 
controlled across hundreds of micro-meters due to the large size of the grains, were 
lab-made to investigate the impact of the materials microstructure on the de-alloying 
process.  
 
3.2.1 Sputtering Cu-Zn alloy film 
The lab-made Cu-Zn alloy thin films were deposited by sputtering with a brass 
target (CuZn26) on Si wafers. SEM images are presented in Figure 3.12. The sputtered 
films were assembled by deposition of clusters of atoms emitted from the target. The 
sputtering process is relatively slow (with deposition rates on the order of 2 μm·h-1 
[271]) and the diffusivity of the atoms was however limited by the low environment 
temperature (60 °C in this project). The average grain size distribution was therefore 
smaller than materials previously reported in this work. In previous experiments, the 
maximum grain size of sputtered brass film was estimated smaller than 100 nm, and 
even smaller if Zn content increased. Although these sputtering Cu-Zn alloy films were 
used to investigated the impact of inter-grains boundaries, the EBSD analysis was 
rendered difficult due to the small distribution and large volume of grain boundaries. 
Three pixels were the minimum requirement of EBSD mapping for distinguishing a 
real grain [298]. In addition, different with conventional casting process, the sputtered 
film in this project did not experience high temperature (>100 °C) and was assembled 
at 60 °C. Thus, although the metal alloys were likely metastable, parts of the sputtered 
films likely exhibited a second phase, as shown in the phase diagram in Figure 3.5 
leading to a dual phase alloy at 60 °C. CuZn26 was selected as the sputtering target 





Figure 3.12 Surface morphology of sputtered Cu-Zn film 
 
The thickness of the sputtered films was controlled to approximately 1 μm. The 
grain size of the sputtered Cu-Zn films is always small (<0.2 μm, Figure 3.13), even 
though the IBAD method was used. As mentioned in 3.1.2.4, Zn atoms dispersed 
across a Cu matrix tend to segregate and separate the Cu-matric into small domains 
since the ECu-Cu has found to be lower than EZn-Zn and ECu-Zn. The grain size distribution 
of the sputtered films ranged between 200 and 600 nm (Figure 3.13 (b)). The black 
areas across the orientation maps were considered by the software as undetectable 
areas. These areas could be inter-grains boundaries or ultra-fine grains, which emitted 
a signal too weak to be assigned to a specific orientation.  
 





The IBAD can increase the grain size of deposited materials by removing grains 
which are not aligned with the ion-beam direction [299]. In addition, the grains of 
sputtered film in this project are neither columnar grains nor equiaxed grains but were 
found to be tapered grain [300], with a growth direction largely parallel to the direction 
of deposition atomic flux. As a result, IBAD brass films exhibited extremely small 
grain distributions mostly aligned in one direction (Figure 3.14).    
 
Figure 3.14 Pole figure of sputtering CuZn26 film. (a) Original version. (b) Contoured 
version 
 
The grain size of the as-deposit films may be too small to perform de-alloying due 
to the relative large volume of inter-grains boundaries (IGB) which is the highest 
priority in corrosion process [37]. In the case of large volumes of IGB, thermal 
annealing may be used for grain coarsening which will be considered as a pre-
treatment of the de-alloying process to alter the overall microstructure. The 
comparison of as-deposited film and annealed film will be presented in CH. 6, as well 





3.2.2 Casting Cu-Zn bulk alloy  
Casting bulk brass was a suitable option to form large grains with specific 
orientations difficult to obtain from thin foils. The rationale of casting bulk alloy is to 
get rid of the effect of IGB when investigating the impact of grain orientation on de-
alloyhing process. The grain boundaries etching, or intergranular selective corrosion, 
will occur prior to the rest of the alloy due to the etching priority of IGB. The effect of 
IGB can be minimized if only one grain at a time is selectively de-alloyed.  
The impact of grain orientation on de-alloyed morphology is related to the atom 
planar density and inter-planar spacing. Such atom planar density and inter-planar 
spacing are calculated from the index of the corresponding planar lattice. Each plane 
of grain corresponded to a unique index of lattice (Supplementary Materials I.2 The 
orientation of grain and plane index). The difference in de-alloyed morphology for 
different plane can therefore be evaluated if a single crystal is put in an etching 
solution. Although it is impossible to however process single crystals with normal 
casting techniques, relatively large grains may be processes and used for such a 
specific study. Here, casting bulk alloys allowed for the formation of large grains, 
which average sizes of at least 50~100 microns. A large grain from a cast alloy was 
here marked and cut into pieces by FIB milling to expose different faces (2.4.2.3). 
Each piece represented a face of the selected grain. 
Due to the slow cooling rate after casting, the grain size of the casting CuZn26 bulk 
alloys can grow up to 100 μm or more in size (Figure 3.15 (a)). Grains from as casting 
CuZn26 bulk did not grow into isometric grains but into dendritic grain fashions 
(Figure 3.15 (b)) largely due to the inhomogeneous temperature profiles and 






Figure 3.15 Over-sized grains in casting CuZn26 bulk. (a) orientation map. (b) 
metallographic image  
 
The samples were cut as depicted in the diagram shown in Figure 2.9 (b). A 
columnar zone was chosen for its large grain size. Then, three different surfaces, and 
therefore lattice planes, were obtained from one grain and thoroughly characterized, 
as shown in Figure 3.16. Those voids appeared on SEM image of pristine surface were 
generated by polishing (2.2.1.3) since the fine grains filled in between dendrite are 
easy to be etched by lubricant. From the Miler index for the different lattice planes, 
which were calculated from the Euler angle of the EBSD orientation data, the inter-
planar spacing (S) of plane α, β and γ present a relationship as follow: 
0.208 nm (S {110}) > Sα > Sβ > Sγ > 0.180 nm (S{111})  
Furthermore, the relationship between the planar densities of the different planes 
(or the number of atoms per surface density, D) is as follow: 
0.555 (D{110}) < Dα < Dβ < Dγ < 0.907 (D{111}) 
The reference data of inter-planar spacing (S{110} and S{111}) and atom density 






Figure 3.16 Relationship between the sample surface, the simulated grain cell and the 
pristine surface. The red surface corresponds to the experimental surfaces; while the 
simulated grain cells were drawn based on the Euler angle orientation data. 
 
In addition, there has another casting bulk has been used in this project: casting 
CuZn15 bulk. It was made by the same manufacturing process as casting CuZn26 This 
pristine material does not have any other characterization besides composition 





3.3 Discussion and Summary 
Two alloy systems were used in this project including Au-Ag and Cu-Zn alloys 
(brass), as well as four type of metallic structures including alloy leaves, rolling foils, 
deposited films and cast bulk materials. Au-Ag alloys were intensively investigated 
are one of the most conventional alloy for the formation of de-alloyed porous metals 
and in this project, AuAg50 was only used as a comparative reference. The brass are 
the main material of this project and samples selected all exhibited single phase 
microstructures. Four compositions, CuZn15, CuZn26, CuZn30 and CuZn37, were 
used as pristine materials to fabricate the de-alloyed porous materials. The impact of 
the composition was reported to affect the porosity of the de-alloyed material, which 
will be presented and discussed in Chapter 6. A summary of the different materials 
and properties are summarized in this section for future reference. 
The alloy leaves were manufactured through a hammering process. In most cases, 
the grain of alloy leaves were flat crystals which heights was far less than its other two 
dimensions. During the manufacturing process, the grains were tilted upon 
deformation and tended to tilt the close-packed direction paralleling to the force 
direction (Figure 3-18 a). Both CuZn15 and AuAg50 alloys were used to form ultra-
thin de-alloyed materials which thicknesses were made of nearly one grain only (150 
and 120 nm respectively). The weak mechanical properties of alloy leaves made their 
handling difficult especially upon conversion into a porous material. 
The rolled foils were manufactured through a hot rolling process. The matrix of the 
alloys was composed of recrystallized grains. The close-packed direction of grains was 
concentrated into the RD.  Compared with the hammered alloy leaves, the close-
packed direction of rolling foils was tilted by approximately 90º and parallel to the 
rolling direction. Although the microstructure of rolling foil is the most extraordinary 
among all four types of pristine materials, the most of researches of this thesis still 
centred on rolling foil since rolled foils is the only commercialized thin foil for 
fabricating thin porous foil through de-alloying process (Figure 3-8 b). The 
morphology of both the chemically and thermally de-alloyed rolled foils will be 




The deposited films in this thesis were fabricated by sputtering with IBAD. The 
matrix is composed by tapered grains, which are mostly parallel to each other and stand 
on the surface of the substrate. The simple schematic of the grains across the deposited 
films are presented in Figure 3.17 (c). These grains are ultra-small (~0.2 nm) due to 
the segregation of Zn and relative low deposition temperature. The researches related 
to deposited film and thermal treated deposited film will be presented and discussed 
in CH6 as well.  
Compared to the other three types of materials, the cast bulk allows offered larger 
grains volume and average size. There is no primary orientation found for the cast bulk 
alloys. The simple schematic of the grains of the cast films is shown in Figure 3.17 
(d). However, grains of interest were hand-picked from the columnar zone, in which 
the grain growth direction is directing the centre of material. Although the casted 
pristine materials were popular in previous publications, it was used only used for 
investigating the impact of grain orientation, which will be presented and discussed in 
CH6.  
 
Figure 3.17 Simplified schematic to summarize the different of microstructure among 
three types of pristine material used in this project. (a) brass leaves; (b) rolling foils; 
(c) deposited films; (d) casting bulks 
 
In summary, the Cu-Zn alloy system is more complex than the Au-Ag alloy system. 
The complexity is not only in phase diagram but also the Cu-Zn alloy system as a 
commercialize alloy system which has more option in composition, manufacture and 




All of commercial pristine materials in this project are single-phase brass thin foils. 
Besides the conveniency of sample preparation and characterization, microstructure of 
single-phase alloy is more homogenous and less varity than multi-phase alloy, while 
the thickness of the samples is important for the de-alloying process due the 
concentration polarization of dissolved Cu [12], which will be discussed in CH4. The 
four types of pristine materials  has expanded the de-alloying kinetics investigation 
from impact of process consitions (CH4) to impact of pristine materials (CH6).  
A commercialized pristine material has relative stable product quality which can 
avoid the repetition on characterization on pristine material. The characterization of 
pristine material therefore can be presented and discussed in this chapter before 
experimental chapters. Then, the following experimental chapters will be started from 






Chapter 4  Kinetics of De-alloying 
The main purpose of this chapter is to deduce the kinetics of de-alloying by 
investigating the impact of the etching solution properties on de-alloying process and 
the final de-alloyed morphology of product. In Section 4.1, the AuAg and CuZn leaves 
will be used as a benchmark material, prior to evaluating the CuZn materials in Section 
4.2, as described in Chapter 3. In Section 4.2, the impact of the etching solution 
properties on the kinetics of de-alloying was investigated by varying the pH value of 
solution, the duration of de-alloying process, and the solution temperature. The 
morphology, pore size, ligament size, and both surface and cross-section of the de-
alloying samples were then systematically compared and analysed. In the Section 4.3, 
in-situ SAXS de-alloying tests were applied on AuAg leaves and CuZn foils to 
investigate the important de-alloying kinetics at the very early stage of process and 
correlate these data to the morphological and macro-properties of the materials 







4.1 De-alloying process on alloy leaves 
Au-Ag alloys were used as a benchmark for this work due to a large number of 
work being previously published on these systems that have demonstrated the 
formation of highly ordered porous structures. The de-alloying processing follows the 
operation of conventional chemical de-alloying experiments (Section 2.4.1). Figure 
4.1 (a) shows the SE images of a de-alloyed AuAg50 ultrathin (120 nm) foils with 70% 
nitric acid for 5 min at ambient temperature, while Figure 4.1 (b) shows the tilted view 
of de-alloyed AuAg leaves. This alloy was prepared from the Sepp Leaf products. Gold 
ligaments with an average width of around 25 nm (+/- 5 nm) were formed across the 
material. The pores were found to be tortuous and to be present through the leaves. 
The porosity of the material was found, by analysing SEM images, to be around 50% 
consistently with the 50% silver content present in the initial alloy. 
The morphology of the de-alloyed CuZn leaves is shown in Figure 4.1 (c) after de-
alloying with a 1 M sodium hydroxide (NaOH) solution for 1 h. The lower sacrificial 
metal content leads to a much lower apparent surface porosity, but through pores were 
still visible on the tilted image of the sample suggesting the formation of ordered pores 
across the 150 nm thick CuZn leaf (Figure 4.1 (d)). As a comparison with the Au-Ag 
de-alloyed sample (Figure 4.1 (a) and (b)), some larger open-pores appeared after de-
alloying across the copper structure with diameters between 40 and 100 nm. The 
porosity was also found from SEM analysis to lie around 10-15 %, in good agreement 
with the theoretical values of Zn composition. The roughness of the CuZn leaves 
formed between the pitting points across the surface also appeared to be increased from 







Figure 4.1 SE images of de-alloyed CuZn15 and AuAg50: (a) de-alloyed AuAg50 with 
70% nitric acid for 10 min at room temperature; (b) tilted view of (a); (c) de-alloyed 
CuZn15 with 1 M NaOH for 1 h at room temperature;; and (d) cross-section view of 
(c). 
 
The purpose of this section is to demonstrate that nano-porous metal leaves may be 
generated by a simple chemical de-alloying process. The de-alloyed CuZn15 has a 
relative low porosity perhaps due to its 15 wt. % Zn composition. The relative coarse 
porous structure (sub-micron features) did not match with theoretical value, which was 
attributed to the fact that the de-alloying process had not reached a steady state over 
the following experiments. The CuZn15 leaves were too fragile to be sampled if 
exposure to an etching solution for prolonged period. Therefore, the SE images of 
prolonged de-alloyed CuZn15 were not presented in this section.  
The chemical de-alloying process can be used to fabricate nano-porous structures 
which present twisted bi-continuous porous morphologies. In the following section, 
the impact of de-alloying conditions will be presented and discussed to understand the 







4.2 De-alloying process on Commercial foil 
The impact of the de-alloying process conditions, including solution pH value, and 
temperature, and de-alloying duration on the pore morphology, was systematically 
investigated to investigate the kinetics of pore formation.  
 
4.2.1 Impact of acidity and alkalinity 
For acid solution, the 1 M hydrochloric acid (HCl) solution is set as pH 0, while 10 
M is pH -1. For the base solution, a 1 M sodium hydroxide solution is set as pH 14, 
while 0.1 M is pH 13.  
The standard potentials E0 of Cu/Cu
+, Cu/Cu2+ and Zn/Zn2+ are +0.340 V, +0.520 
V and −0.763 V [246], respectively, while the pKb corresponding to the dissolution 
pH or redox potential of the Cu/CuO and Zn/ZnO species are typically between pH 9 
and 13 or pH 7 and 15, respectively, depending on the type of etchant and solvation 
media (Figure SII.5 (a)). Cu would, however, be etched by highly oxidizing acids 
[302], such as nitric acid, sulfuric acid and hydrochloric acid [303], and pH alone is 
therefore not sufficient to evaluate competitive etching. The hydrolysis products of Cu 
and Zn were complicated and their solubility depends on their concentration in the 
etching solution. In this thesis, the size of the sample was approximately 1 cm * 1 cm 
* 0.025 cm = 0.025 cm3. The density of brass sample (CuZn30) is 8.35 g∙cm3. 
Therefore, the weight of the sample was approximately 0.21 g. Then, the weight of Cu 
(70 wt. % of CuZn30) was no more than 0.15 g, while that of the Zn (37 wt.% of 
CuZn37) was less than 0.08 g. Meanwhile, the amount of etching solution was 200 mL 
per piece of sample. The concentration of dissolved Cu and Zn were therefore 
theoretically less than 1.2 mM and 0.6 mM, respectively. The etching solution was 1 
M NaOH and 1 M HCl, which pH was respectively ~14 and ~0. The decrease in pH 
due to the consumption of NaOH and HCl could be ignored. In this case, the dissolved 
Zn in this thesis referred to the phase diagram (Figure SII.5 (b)), is soluble and in the 
form of Zn(OH)4
2- or Zn(OH)2 (aq) for alkali environment and ZnOH




acid environment. Meanwhile, according to the phase diagram of the hydrolysis 
product of Cu (Figure SII.5 (c)), the dissolved Cu would be a mixture of Cu(OH)2, 
Cu(OH)3
- and Cu(OH)4
2- in alkali solution and Cu+ and Cu2+ in acid solution. In the 
present case, it is expected that selective de-alloying of the Zn from the CuZn single-
phase material should occur over a pH range between 13 and 15. Previous work 
published on the de-alloying of Cu-Zn alloys were however performed in HCl or 
NaOH solutions at pH of below 1 or above 13 [192, 193, 286] and showed that such 
etching was possible due to differences in etching rate between Cu and Zn in nearly 
pure HCl.  
The impact of the solution pH on the selective etching and surface pitting across 
CuZn30 thick metal alloy films is shown in Figure 4.2. As shown in the SE images in 
Figure 4.2, the value of the pH is found to dramatically affect the etching selectivity 







Figure 4.2 The SE images of CuZn sample de-alloyed in different etching solutions. 
Scale bar: 1 μm. Acid: HCl, Base: NaOH. De-alloying at room temperature for 1 h 
 
At extreme pH below 0 or beyond 14, where water is not the main phase in the 
system anymore, de-alloying is found to be non-selective and both Cu and Zn are 
etched away from the alloy. The morphology of the sample surface at pH < 1 is very 
rough with clear evidence of surface corrosion and neither obvious ligament nor long-
range patterns were formed. The pore size distribution is quite large upon using an 
acidic etching solution. Although non-selective, the acidic etching process leads to the 
formation of deep and large distribution pores with an average pore size estimated 
from the SEMs at ~1 µm (Figure 4.2).  
At pH 7, the sample is shown to be largely unaffected by water and no obvious trace 
of corrosive pitting could be seen. However at alkaline pH values between 13 and 14, 
the surface is found to be progressively composed of nodules which were shown by 
energy dispersive spectroscopy (EDS) to be primarily composed of Cu. The size of the 
spaces between these nodules and thus the surface pore sizes and porosity are also 




process is again found to be non-selective and to lead to a more randomly textured 
surface. The pore size distribution for the alkaline de-alloying process was also found 
to be narrower than that obtained for the acidic treatment which is a more preferential 
rearrangement for the recombination of Cu atoms and Cu ions at these concentrations 
(Figures SII.6 and SII.7). 
 
 
Figure 4.3 The relationship between pore penetration depth, average equivalent pore 
size, residual Zn and equivalent pH of the etching solution. Acid: HCl, Base: NaOH. 
De-alloying at room temperature for 1 h. Data extracted from SEM analysis and 
published at [43] 
 
It therefore appears that the de-alloying of such brass alloys is not a simple selective 
etching process but a competitive etching process. In other words, both Cu and Zn will 
participate in the de-alloying process and be etched at different rates by the etching 
solution. However, the etching kinetics of Cu and Zn, related to etching environment, 
are mostly time different. The de-alloyed porous structure can only be generated when 
the etching rate of Zn is faster than that of Cu and the precipitation rate of Cu is close 
to its etching rate. Otherwise, the de-alloyed sample will have a non-selective etching 







4.2.2 Impact of the duration of de-alloying process  
The process duration is one of the de-alloying process conditions, which indirectly 
reveals the reaction rate. This section will present surface morphology change with 
respect to an increasing process duration.  
As shown in Figure 4.4, the residual Zn on the surface is decreasing with the 
duration increasing and the pore penetration depth and average pore size are increased 
to 0.82 μm and 0.08 μm, respectively. After 2.5 h, no residual Zn was observed on the 
surface while the pore penetration depth reached its plateau.  
 
 
Figure 4.4 The pore penetration depth, average equivalent pore size and residual Zn of 
time-based series samples. De-alloying with 1 M NaOH at room temperature. Data 
extracted from SEM analysis and published at [43] 
 
It appears that the pore size did not reach a plateau within 2.5 h. Indeed, the change 
in pore size was continuous even after 51 h of duration as shown in Figure 4.5 and 
Figure 4.6.  Figure 4.5 presents the morphology evolution of samples de-alloyed with 
an acid solution (1 M HCl) for up to a duration 51 h at room temperature. The surfaces 




lay around 0.2 ~ 2 μm. Nevertheless, they were primarily distributed along the rolling 
trace on sample’s surface. With the de-alloying duration increasing, the etched voids 
on the surface were growing larger and deeper. After 51 h, these surficial voids have 
been replaced by inhomogeneous fragments with gaps of approximately 100 nm wide 
and random distributed deep holes (Figure 4.5 (f)).   
 
 
Figure 4.5 The SE images of samples de-alloyed with 1M HCl at room temperature. 
(a) De-alloying for 1 h. (b) de-alloying for 2 h. (c) de-alloying for 2.5 h. (d) de-alloying 
for 3 h. (e) de-alloying for 5 h. (f) de-alloying for 51 h 
 
The surface of the alkali de-alloyed samples was full with nano-scale precipitated 
particles and nano-etched voids, which were far smaller than those formed upon acid 
de-alloying, as reported in Section 4.2.1. The change in morphology of the de-alloyed 
samples with a base solution (1 M NaOH) for up to 51 h duration at room temperature 
is shown in Figure 4.6. With an increasing duration, the surface features become 
coarsening and some grooves etched across the rolling traces appeared on the de-
alloyed surface (Figure 4.6 (c)). These grooves branched out in a different direction 
and gradually spread over the de-alloyed surface. After 51 h, the rolling traces have 
disappeared, and the de-alloyed surface was divided into islands (Figure 4.6 (f)), which 
is similar to that of acid de-alloyed samples. However, these islands were found to be 




conductivity of the copper precipitation, such fine porous structures cannot be properly 
revealed with the same SEM working parameters. Figure SII.8 presents the SE images 
of nano-porous frameworks under 20 kV accelerate voltage of SEM.  
 
 
Figure 4.6 The SE images of samples de-alloyed with 1M NaOH at room temperature. 
(a) De-alloying for 1 h. (b) de-alloying for 2 h. (c) de-alloying for 2.5 h. (d) de-alloying 
for 3 h. (e) de-alloying for 5 h. (f) de-alloying for 51 h 
 
The islands across the porous framework are not final morphology of alkali de-
alloyed samples. The morphology of de-alloyed samples after 96 h duration is shown 
in Figure 4.7. Firstly, the surface of de-alloyed samples was converted into an 
integrated piece with homogenous pores and ligaments instead of precipitated particles 
and etched grooves. Secondly, the surface of de-alloyed sample began to stratify with 
highly homogeneous layers. The morphology of each layer was however found to be 
significantly different between the different layers. The porous layers of the 96 h alkali 
de-alloyed sample presented a unique thickness, on the order of 5 μm, as shown in 
Figure 4.7 (b). Also, the morphology of the lower layer on the image was found to be 
coarser than the upper layer (Figure 4.7 (1~3)). The EDS analysis revealed that these 
porous layers were composed of Cu and O only (Figure SII.9). Therefore, the low 
conductivity of samples shown in Figure 4.6 (f) is due to the poor contact between the 






Figure 4.7 The multiple layers of a sample de-alloyed with 1 M NaOH at room 
temperature for 96 h. (a) plane-view. (b) cross-section view (tilted 52°). 1:the first 
porous layer; 2: the second porous layer; 3: the third porous layer, here the concurrent 
surface of the bulk metal alloy 
 
Similarly, large cavities were formed under the surface of de-alloyed samples which 
were de-alloyed with a 1 M HCl solution for 96 h at room temperature (Figure 4.8). 
The surface of 96 h de-alloyed sample is rougher than that of 51 h de-alloyed sample. 
The morphology of the de-alloyed surface was composed of irregular particles that 
have a smooth surface, clear edges, and corners. It suggests that it is a morphology of 
facet growth [304] in which the dissolved Cu atoms were precipitated at a relatively 
slow rate. The cross-sectional view of the sample de-alloyed for 96 h revealed the 
existence of large cavities and micron cavities under the surface. These large cavities 
were perhaps developed from those deep holes found in the samples de-alloyed for 51 
h (Figure 4.5 (f)). In addition, the cross-sectional view (Figure 4.8 (b)) showed that the 
thickness of the whole sample was reduced to approximately 5 μm, compared to the 




delaminated from the core matrix due to the division and propagation of the large 
cavities during the de-alloying process.  
 
 
Figure 4.8 The multiple layers of de-alloyed sample de-alloyed with 1 M HCl at room 
temperature for 151 h. (a) plane-view. (b) cross-section view  (tilted 52°) 
 
Both the spaces between layers in alkali de-alloyed samples and the large 
subsurface cavities for the acid de-alloyed samples were found to be parallel to the 
surface of the samples. No defects of such size could have been retained after the hot 
rolling process used to manufacture the pristine brass foils as shown in Figure SII.4. 
Therefore, both space and cavities were induced by the de-alloying process. The acid 
de-alloyed samples were found to be much coarser (approximate 100 times) than the 
alkali de-alloyed samples. The following sections will therefore focus on alkali de-
alloyed samples and their homogeneous porous morphology as the acid de-alloyed 
samples have irregular rough morphology. 
 
4.2.3 Impact of the solution temperature 
The impact of the solution temperature on the de-alloying kinetics was assessed in 
this section. The temperature is a dynamic parameter which tends to affect the reaction 




The samples de-alloyed at different temperatures are compared in Figure 4.9. At 
low temperatures an increase of solution temperature led to a quick pore penetration. 
When temperature increased from 5 °C to 20 °C, the respective pore depth was 
0.23±0.05 μm and 0.87±0.05 μm, respectively which is a 4 fold increase. However, 
the pore depth became plateaued above 60 °C as it only slightly increased from 
1.17±0.05 μm for 60 °C to 1.23±0.05 μm for 80 °C. The equivalent average pore size 
increased from 0.04±0.01 μm at 5 °C to 1.15±0.33 at 80 °C, an increase of 50 folds. 
The morphologies of samples de-alloyed for 1 h at 5 °C, 20 °C and 60 °C are shown 




Figure 4.9 The pore penetration depth and average equivalent pore size of time-based 
series samples. De-alloyed with 1 M NaOH for 1 h. From SEM analysis. Data 
extracted from SEM analysis and published at [43] 
 
Long term de-alloying experiments of up to 96 h were performed to evaluate the 
morphologies of samples de-alloyed at different temperatures (Figure 4.10 (d)~(f)). 
Compared to room temperature (20 °C), de-alloying at low temperature (5 °C) led to 
a dual level nano-porous structure. This structure is very similar to the one obtained 
after 51 h de-alloyed morphology at room temperature. The top layer is made of 
separated fragments while the lower layers are composed of a continuous nano-porous 




that over 10 consecutive porous layers could be obtained, about 5 times more than that 
found for the 20 °C de-alloyed sample, where only 2 layers were found after 96 h of 
treatment.  
On the other hand, the surface of the 60 °C de-alloyed samples is composed of 
micron-sized precipitates. Cross-sectional views however revealed that that these 
precipitates were interconnected (Figure 4.10 (f)) and that their penetration depth (the 
darker area of the sample) was around 2 μm. This penetration depth was smaller than 
that obtained for the sample de-alloyed at 20 °C, which is approximate 5 μm at 96 h. 
 
 
Figure 4.10 The morphology of brass de-alloyed with 1 M NaOH. (a) De-alloyed at 5 
°C for 1 h. (b) De-alloyed at 20 °C for 1 h. (c) De-alloyed at 60 °C for 1 h. (d) De-
alloyed at 5 °C for 96 h. (e) De-alloyed at 20 °C for 96 h. (f) De-alloyed at 60 °C for 
96 h. (g) Cross-section view of (d). (h) Cross-section view of (e). (i) Cross-section 





The results indicate that increasing solution temperature leads to higher reaction 
rates. Although the sample de-alloyed at 5 °C offered a smaller penetration depth and 
the highest ratio of residual Zn, this temperature led to the smallest average pore size 
(20 nm) and narrowest size distributions (± 0.01 μm). In addition, there were no 
precipitated particles across the 5 °C de-alloyed samples, while the precipitated 
particles appeared at a higher temperature (40°C, 60 °C and 80 °C). The size of these 
precipitates was also found to increase with an increasing solution temperature. The 
smaller penetration depth for the sample de-alloyed at 60 °C after 96 h of treatment 
may be caused by premature copper oxides precipitation, which was dissolved faster 
at that temperature compared to that at room temperature. The less exposed surface of 
the pristine matrix may have therefore led to a slower reaction rate. However, although 
the de-alloying process progressed slowly at a high de-alloying temperature, the 
dramatic change of morphology with de-alloying process progressing revealed that the 
activity of de-alloyed surface at higher de-alloying temperature remained significant. 
An increase of the solution temperature not only accelerated the process but also 
changed the morphology of the products and passivated the surface of the samples. It 
implied that the precipitation process is an independent sub-process of the de-alloying 
process. Thus, the de-alloying process is combined by the competitive etching process 
and the precipitating process. At the former process, both Cu and Zn will be etched by 
etching solution but Zn prior to be etched, while dissolved Cu will be precipitated from 
solution and deposited onto the surface of the samples during the latter process. The 
difference in sensitivity of temperature between these two processes leads to the 
different morphology of products. The precipitation process and routes to remediate it 
will be discussed in the next section. 
 
4.2.4 Formation of oxides and fabrication of de-alloyed porous 
structures 
Previous research typically used the residual Zn to represent the progress of de-
alloying process [18, 192, 193, 196] by correlating to the variations in de-alloyed 
morphology. However, the residual Zn cannot directly reveal the progress of the de-




to the etching solution. On one hand, Zn atoms surrounded by Cu atoms are required 
to be transferred to the surface through Kirkendall effects if they are not directly 
exposed to the etching solution. The transfer of Zn atoms may be terminated upon 
passivation of the surface or from a lack of vacancies providing diffusion pathways 
[205].   
Copper oxides are a brass corrosion product formed in a basic solution (Figure 
SII.5) and are an indication that the Cu metal participates in the de-alloying process 
and is etched by the etching solution. The precipitation of Cu is regarded as an 
independent process at the end of the last section, which may have significant impact 
on the de-alloyed porous morphology. Therefore, the copper oxides are more relevant 
to the progress of de-alloying process and the morphology of the products.  
The temperature was shown to affect the morphology of de-alloyed sample due to 
the change in precipitation rates achieved at a different temperatures, as mentioned in 
the last section. Thus, the [O] composition will theoretically change if the etching 
solution temperature of the de-alloying process is changed. As shown in Figure 4.11, 
the variation in [Zn] is going in the opposite way to the variation of [O], in which the 
absolute atomic ratio (Figure 4.11 (a)) is the average value of the EDS spectrum 
analysis. Between 5 °C and 40 °C, higher solution temperatures led to a lower residual 
Zn and the formation of more Cu oxides. However, at 60 °C, the [Zn] content increased 
to 27 at. %  which is close to that (29.4 at. %) for the pristine while the composition of 
[O] was reduced to 8 at. %. The de-alloying rate had therefore slowed down when 
solution temperature was 60 °C. Assuming that the precipitated product of Cu is CuO, 
there is only approximately 4 at. % of Cu belonging to the CuO. The atomic ratio of 
residual [Cu] and [Zn] is approximately 43 % which is close to that of the pristine 
material. This trend indicates that the surface of the sample de-alloyed at 60 °C was 





Figure 4.11 The EDS analysis result of [O] and [Zn] on the surface of de-alloyed 
sample fabricated at different solution temperatures. (a) Absolute atomic ratio. (b) 
Relative ratio of [O] and [Zn] to Cu. The sample de-alloyed with 1 M NaOH for 1 h. 
Error bar included but extremely small, and difficult to distinguish from the main 
pattern 
 
The surface composition of a series of de-alloyed samples in contact with the 
etching solutions for different durations was analysed with EDS and the result are 
presented in Figure 4.12 (a) the (related SE images of surface morphology were shown 
in Figure 4.6 and Figure 4.7). The [Zn] composition decreased while the [O] increased 
with an increasing duration. The [Zn] etching rate was very fast initially for a short 
time prior to slowing down when process progressed and almost reached a plateau 
(~4.3 at. %) after 96 h. The [O] increased significantly with duration increasing and 
reached a plateau after 29 h. The plateau of [O]/[Cu] is around 0.9 (Figure 4.12 (b)). 
This value demonstrates that the precipitation of Cu is CuO, and the residual Zn in the 
pristine matrix was yet to be contacted with the etching solution. The EDS spectrum 
and the mapping of the sample de-alloyed after 51 h, shown in Figure SII.10, 
demonstrate that the de-alloyed surface was covered by a homogenous layer of copper 
oxide. After 96 h, both [O] and [Zn] however decreased. The reason for this change 
may be that, first, the fragile CuO porous layer may have been peeled off during the 
process, while second, the porous layers were progressively converted into a porous 
framwork with finer ligament due to metal surface atoms recombination, offering less 
interaction volume for X-ray excitation. In addition, the Cu2O was perhaps generated 




surface from the strong concentration polarisation induced by the de-alloying process. 
It is obvisouly noteworthy that the valences of both Cu (Cu(I) or Cu(II)) are not 
distinguishable by EDS analysis, which only reports atomic Cu species as a whole. 
 
  
Figure 4.12 The EDS analysis result of [O] and [Zn] on de-alloyed surface of the 
samples. (a) Absolute atomic ratio. (b) Relative ratio to Cu. The sample de-alloyed 
with 1 M NaOH at room temperature.  
 
The EDS analysis revealed variations in surface composition, while the PIXE 
analysis revealed volume composition changes. PIXE allowed probing a volume of 
approximately 8 to 10 µm, depending on the exact porosity and density of the medium. 
Information on the alkali de-alloyed samples as a function of the process duration are 
presented in Figure 4.13. The Zn content variation can be roughly divided into two 
time periods including first, a dramatic decrease from 29.4 at.% to ~21 at. % within 
the first 10 min, at a rate of ~1 at.% · min-1, prior to a second steady decrease at a much 
reduced rate of 0.017 at.% · min-1, from ~21 at.% at 10 min to ~10 at.% after 720 min. 
The local variation in composition may be attributed to the inhomogeneity of different 
ex-situ samples used for this analysis.  
After 12 h of de-alloying, the Zn content of the de-alloyed samples was of 
approximately 11 at.%. Interestingly, only 5 at.% residual Zn could be detected by 
EDS on the surface after 24 h de-alloying, while the volume ratio of the porous layer 
was only of approximately 40% of  that of the total volume of the sample (de-alloying 




be related to trapped Zn oxides clusters captured within larger Cu oxide clusters. This 
trend however indicates that the etching process was likely quicker than estimated, 
since approximately 10 at.% Zn were either transferred to the surface, by Kirkendall 
migration, or trapped within the first 10 min.  
 
Figure 4.13 The Zn content of PIXE analysis plotted with duration (min). The range 
of fitting plot 1 is 0 ~ 10 min. The range of fitting plot 2 is 10 ~ 720 min. Pristine 
material CuZn30 de-alloyed with 1 M NaOH at room temperature 
 
The same series of samples were analysed with RBS to evaluate the composition 
depth profile across approximately the top 10 µm of the material (Figure 4.14 (a)). The 
RBS analysis is very sensitive with the thickness of the samples and the current system, 
CuZn30, 25 μm in thickness, was too thick to be entirely probed and to identify single 
Cn and Zn peaks. The 2 peaks therefore overlapped and only the surface Cu edge could 
be visible. The continous decrease in density on the Cu edge of the data curve around 
250 keV indicates the replacement of Cu atoms and very likely the formation of Cu 
oxide materials [305]. This decrease in density suggested that the penetration depth of 
the oxides increased with longer de-alloying duration while the amount of oxides 




the sample. A pure CuO or Cu layer will exhibite a clear and sharp step profile on the 
data curves rather than a slope edge. The slope edge of data curve suggests that the de-
alloyed surface requires very long duration to remove all of the Zn and convert the 
material into pure CuO [305], supporting the previous assumption that some Zn could 
be semi-permanently trapped within the structure, or at least require infinite times to 
leach out, potentially due to concentration polarization or surface passivation. Since 
the copper oxides are regarded as the mark of Cu corrosion, the penetration depth of 
the oxides may be directly linked to the frontline of de-alloying. Thus, it may also 
correlate to the penetration depth of the pores, which was approximately 500 nm after 
60 min (Figure 4.4). The penetration depth of CuO was plotted against the process 
duration in Figure 4.14 (b).  
The thickness of the CuO layer, function D(t), dependent on the duration, was fitted 
with an exponential function, yielding: 
D(t)=0.1762+0.00615·t^0.93141 
where the t is the process duration (min). Since both sides of the sample have been 





Figure 4.14 (a) The RBS analysis on de-alloyed CuZn30. De-alloyed with 1 M NaOH 
at room temperature. (b) Penetrated depth of oxide layer plotted against the process 
duration and fitted with polymer equation. The penetrated depth of oxides layer was 
set at 0.5 μm 
 
The above results have confirmed the relation of Cu precipitation and the 
morphology of de-alloyed sample. The asynchronism of [Zn] and [O] contents 
indicated that the etching and precipitation are mutually independent sub-processes of 
the de-alloying process. According to the PIXE analysis, the etching rate of Zn is much 




etching rate has reduced to 0.017 at.% · min-1 at following process duration. On the 
other hand, the penetration depth for CuO exhibited a continuous and near-linear slope 
for a rate of approximately 3.08 nm·min-1. The residual Zn after 96 h duration and 
slope edge of the RBS data curves suggested that the ligaments formed across the de-
alloyed sample are therefore mixed metal (Cu + Zn) with a surrounding shell, likely 
relatively dense given the RBS profile, of copper oxide alone. This result is highly 
promising as it highlights the complexity of the de-alloying process and the non-
linearity of the reaction pathways concurring during the process.  
In the next section, the in-situ experiment will be used to investigate the kinetics of 
de-alloying process at the very early stage of the process. 
 
4.3 In-situ De-alloying 
The de-alloyed porous structure is a 3-D bi-continuous structure where pores are 
interconnected between thin ligaments and nodes. The level of interconnectivity, 
however, depends on the porosity of the final material, which is directly related to the 
etching conditions and to the initial composition of the pristine alloy [31, 32]. The 
patterns corresponding to intricate network structures studied with SAXS were 
previously considered as belonging to an amorphous structure primarily due to the 
large polydispersity of the pores and the high roughness of the materials, both in terms 
of film and pore surfaces [251].   
The typical de-alloying porous structure was therefore considered as a binary phase 
system, composed of solid metal and liquid solution, metal ions, hydroxides and 
etchant molecules. The first component therefore corresponds to the ligaments while 
the other one represents the pores across the materials. Although the presence of the 
ions in the solutions, as well as the density of the liquid, being > 90% water, affected 
the intensity of the background, the direct presence of metal ions, complexes or 
hydroxides was not found to affect at all the patterns, primarily due to their low 
concentrations (less than 0.0002 M after de-alloying) but also due to their size, to small 




performed with a 0.6 m camera length, presented flat curves after 0.1 Å-1. The patterns 
obtained with short camera length are shown in the Figure SII.11 for curiosity, in 
which the two clear peaks are belonging to the Kapton tape used to mount the samples. 
Thus, the impact of the dissolved ions density, and their potential impact on the SAXS 
background during the de-alloying process on the scattering intensity was neglected in 
data analysis of this project. 
Since one cannot directly distinguish the two phases from others with the SAXS 
data, this binary phase system was treated as a diluted particle-solution system [307]. 
The Porod invariant Q was introduced to correlate the scattered beam energy and 
volume of material V0, which was scattered from the main x-ray beam [308], as shown 
in Equation 4.1.   




 Equation 4.1 
where, (Δρ2) = (ρ1-ρ2)
2φ1φ2 is the contrast in binary system [308]. The ρ1 and ρ2 
correspond to the density of both phases 1 and 2, respectively, while φ1 and φ2 
represent the volume ratio of each phase. In other words, the beam scattering happened 
at the interface of the different phases.  
In a typical ex-situ experiment, the vacancy of porous material was filled with air 
[309]. So the ρ2 is the density of air while φ2 is the porosity of material. In in-situ de-
alloying process, the pore formation was regarded as the formation of a 2nd phase. 
However, the formation of cavities and pores was due to the dissolution of one 
component from the alloy, which was primarily Zn in this work. The dissolution 
process, therefore, leads to the formation of a core-shell structure, where the core of 
the material ligaments is still brass, while the outer shell of the ligaments is primarily 
Cu and Cu oxides. This phenomenon will expand during the penetration across the 
materials and a gradient of oxide formation may be generated in case of metal oxide 
precipitation. The final material will have at least three different phases concurrently 






Figure 4.15 Schematic of phase composition of de-alloyed brass.  
 
Furthermore, the pores and cavities were filled with the etching solution and metal 
ions. The metal ions which were from the etching of alloy may vary during the 
experiment. In other words, the density of the liquid phase is changing during the 
experiment. This variation could not be accurately evaluated by linear or one-order 
linear differential equation. The contrast (Δρ2) was therefore modified in order to 
satisfy ternary phase system (Equation 4.2). 
(∆𝜌2) = (𝜌1 − 𝜌2)
2𝜑1𝜑2 + (𝜌1 − 𝜌3)
2𝜑1𝜑3 + (𝜌3 − 𝜌2)
2𝜑3𝜑2 
Equation 4.2 
where the ρ1 and φ1 represent the density and volume ratio of pristine brass phase 
respectively; while the ρ2 and φ2 represent the vacancy phase which is filled by solution 
and the ρ3 and φ3 correspond to the ligament phase which is primarily copper/copper 
oxide. A number of assumptions were introduced to simplify the data analysis, which 
will be discussed in Section 4.3.1. 
 
4.3.1 Methodology and modelling 
4.3.1.1 Flow cell for in-situ de-alloying test 
The flow cell of the in-situ de-alloying test (Figure 4.16) has at least four layers of 
materials on the path of the beam (Figure 4.16 (b)). All the layers will scatter the beam 
while also partly absorbing the beam and thus reducing the intensity of the signal. 
Here, the thickness of quartz window was constant. The path length T0 was also 






Figure 4.16 (a) Schematic of in-situ experiment on SAXS. The etching solution was 
stored in a jacketed beaker, which is connected to a water bath for temperature control, 
and pumped with a peristaltic pump with a flow rate of 30 mL·min-1. The sample 
working surface is facing the incident direction of beam. (b) Schematic of the layers 
of materials across the path of the beam 
 
The thickness of the porous layer (Tp) shall increase with de-alloying duration 
increasing, while the thickness of dense material (Ts) shall decrease simultaneously 
upon material removal. However, the thickness of de-alloyed porous sample is smaller 
than that of the pristine sample [254], suggesting that the thickness of the whole sample 
is decreasing with duration increasing. The volume shrinkage at very early stage of de-
alloying process is, however, difficult to measure experimentally and thus too small to 




to be constant during the test, which is Tp(t) + Ts(t) = Tp(0) + Ts(0). Last, the thickness 
of the liquid layer (Tl) across the cell was also constant.  
The liquid layer was filled with the etching solution and ions generated from the 
de-alloying process. The ions in the solution are changing during the experiment. 
Besides the consumption of etchant ions, new ions were always generated with de-
alloying process progressing. The etching solution in this experiment was continuously 
recirculated from a solution reservoir to the flow cell. This water flow is like adding a 
dynamic background to the changing sample. As discussed previously, the impact of 
the solution concentration change over time was too small to be distinguishable by the 
SAXS detector. The etching solution was therefore regarded as a constant background. 
In the following section, established models were modified to properly fit this 
complex multi-layer and dynamic porosity system. When relevant, literature will be 
cited, but it is important to highlight that the large majority of the model design is here 
novel and goes way beyond previous attempts in the area.  
 
4.3.1.2 Normalisation 
The intensity of the raw data is the sum of the scattering and background intensities 
in the system. Thus, the background data were subtracted from the background (blank 
reference) to yield the scattering data. In this in-situ de-alloying process on the CuZn37 
alloys, the porous part of the material upon de-alloying represents a very small volume 
compared to the dense part of the base foil. Therefore, the initial condition of each de-
alloying system, including the pristine material and the etching solution, were regarded 
as the general background and each sample was its own reference. The raw data was 
normalized with background data by dividing it [310] to enhance the main knee 















The intensity I(q) was converted into a relative intensity ratio I’(q) = I(q) / I0 (q), in 
which I’(q)-1 ≥ 0. The knee range can be easily located with the normalized curves 
and their intensity compared upon increased duration. These normalized curves are 
however not suitable for Guinier analysis since the relative intensity has changed the 
1st differential curve of raw SAXS pattern [307], while normalization with background 
subtraction will not change the 1st differential curve.  
 
Figure 4.17 Schematic illustration of a comparison between two normalization 
methods. (a) Original curves. (b) Normalized curves with subtraction, in which each 
data curves subtracted the background curves. (C) Normalized curves with division, 
in which each data curves divided by the background curves 
 
4.3.1.3 Normalized curves fitting for knee analysis 
Since most of the peakknees were not fully visible across in the SAXS q range, an 
extrapolation method was used to fit and simulate the curve and evaluate the full scope 
of the knees.  
Before fitting the knees, the baseline for each curve needed to be subtracted. 
According to Equation 4.3, I’(q) = I (q)/Ib(0) + 1, the background intensity Ib(q) is a 
constant. The whole thickness Tp+Ts was assumed to be constant in 4.3.1.1 above, but 
the decrease of Ts for long times led to a slight increase of the Ibackground since the 




account the background variation as a function of the de-alloying duration (Equation 
4.4)[310]. 









So I’b(t) = Ibackground (t) / Ibackgound (0) and I(q,t) = Iscattering (t) / I Ibackgound (0). When 
t=0, the I’b(t) = 1 and  I(q,t) – I’b(t) =I’(q,t) ≥ 0. The I’b(t) at different duration was 
achieved by linear fitting the I(q,t) with slope = 0, while q value are in an interval from 
0.07 Å-1 to 0.1 Å-1 which was regarded as a constant background area of the signal.  
Then, I’(q,t) was plotted against log10(q) and the curve was fitted with a Gaussian 
function, which is the normal distribution function. Using log10(q) instead of q allows 
for inhomogeneous data density distribution evaluation across the whole q range. The 
fitting process was performed through the following steps: 
1. Plot relative I’(q) versus logarithmic scattering vector q; 
2. Locate the highest q value at the end of peaks among all curves in one 
temperature series; 
3. Select data picking range from the first q = 0.0332 to highest q value which 
confirmed in last steps; 
4. Fitting selected data with Guassian peak fitting function with nonlinear fitting 
function of Origin 2015 (academic version, supplied by Deakin University); 
5. Extended curve to log10 q = - 4. 
The calculation of the Q invariant for the following analysis required the data not 
to be normalized by division by the Ibackground. For that reason, that the background 
intensity I0(q) needed to be also extrapolated. If no knee appeared upon normalizing 
the curves with the background then a Gauss function was used to extended to q = 1e-







4.3.1.4 Scattering volume and thickness of porous layer 
The scattering volume Vs was calculated through the Porod invariant Q (Equation 
4.1), where the beam spot area SB was assumed to be constant (surface of 15,000 μm
2). 
Therefore, the thickness of porous part (pores penetration depth) Tp was evaluated as 
a function of scattering volume Vs (Equation 4.5), where the V0 is the probed volume 







 Equation 4.5 
The invariant Q can be calculated by integrating the area corresponding to the knee 
on the Kratky plot. The Kratky plot was obtained by plotting the scattering vector q 
versus the scattering intensity I(q) times q2 instead of I(q) (Equation 4.6).  
𝑄 = ∫ 𝑞2𝐼(𝑞)𝑑𝑞
0.2
0
 Equation 4.6 
Then,  
𝑄(𝑡) = ∫ 𝑞2𝐼(𝑞, 𝑡)𝑑𝑞
0.2
0
 Equation 4.7 
 
In Equation 4.7, t corresponds to the duration. At t = 0, then I(q,t) = I0(q), which 
yields the background invariant Q0. The porous layer invariant Qp(t) is therefore 
calculated by the difference between Q(t) and Q0 (Equation 4.8). 
𝑄𝑃(𝑡) = 𝑄(𝑇) − 𝑄0  =  ∫ 𝑞
2 [𝐼(𝑞, 𝑡) − 𝐼0(𝑞) ]𝑑𝑞
0.2
0
 Equation 4.8 
 
Since only the porous part will scatter in the given q range observed, the difference 
value between I(q,t) – I0(q) is theoretically nill, except in the peak area. In other words, 
only the area under the knee is relevant and may be integrated, to further simply the 




𝑄𝑃(𝑡) =  ∫ 𝑞
2 [𝐼(𝑞, 𝑡) − 𝐼0(𝑞) ]𝑑𝑞
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
 Equation 4.9 
 
It was necessary to use the extrapolated data (Section 4.3.1.2 above) to obtain the 
whole knee area. However, the normalized data could not directly be applied into 
Equation 4.9 and a reverse fitting process was applied to the normalized date. 
Specifically, I”(q,t) was defined as, I”(q,t) = (I’(q,t)+I’b(t))  I0(q). Since the value 
interval of original I0(q) is ranging from 0.003 Å
-1 to 0.2 Å-1, the I0’(q) was obtained 
by extrapolating I0(q) with the Gauss equation, which yielded Equation 4.10. 
𝑄𝑃(𝑡) =  ∫ 𝑞
2 [𝐼"(𝑞, 𝑡) − 𝐼0′(𝑞) ]𝑑𝑞
𝑃𝑒𝑎𝑘 𝑒𝑛𝑑
𝑃𝑒𝑎𝑘 𝑠𝑡𝑎𝑟𝑡
 Equation 4.10 
 
The Qp(t) is regarded as the scattering energy on the de-alloyed part of the sample 
if assuming the background is constant (assumption still valid in this case, largely 
within experimental error). Therefore, the scattering volume of the de-alloyed part was 
obtained by inputing the Qp(t) into Equation 4.1. Regarding the dense part of the 
sample, or the non-edalloyed part, which is still part of the background signal, the 




4.3.1.5 Porod’s law and surface area 
The Porod’s law was used to estimate the relative surface area of sphere particle 
with a smooth surface [307, 311]. In the Porod’s law, the intensity I(q) is proportional 
to the scattering vector q in high q, while the relative surface area S is the coefficient 
(Equation 4.11). 
𝐼(𝑞)~ 𝑆 𝑞−4 Equation 4.11 
In Equation 4.11, the exponent ‘-4’ can be written as a generalized form ‘-α’ 
(Equation 4.12). The value of α depends on the shape, aspect ratio and roughness of 




surfaces, while between -2 and -3 largely for thin disk, and around -1 for a rod-like 
geometry. In essence, large Porod exponents are typically considered to represent 
fractal surfaces, or in other words ordered and patterned thin layers, while small Porod 
exponents are attributed to volume fractals, such as expanded 3D networks. 
𝐼(𝑞)~ 𝑆 𝑞−α Equation 4.12 
The interval of validity of the Porod’s law should in theory be smaller than 0.1 Å-
1 since the scattering features in this range would be attributed to interfaces rather than 
atoms or bonds (Figure SII.12). In this project, the Porod’s law was used to reveal the 
surface area of the ligaments. Therefore, the scattering vector interval of interest was 
taken for the Porod law outside the range of the main knee area, and close to 0.1 Å-1. 
 
4.3.1.6 Radius of Gyration and Average pore size 
The Guinier analysis refers to the analysis of the SAXS scattering curve at very 
small scattering angles. This analysis allows for the direct estimation of two SAXS 
invariants, the radius-of-gyration, Rg, and the extrapolated intensity at zero scattering 
angles, I(0). 







where the Rg is Radius of Gyration, the q is scattering vector and I is the scattering 
intensity which is the function of q. The q·Rg should typically be smaller than 1.3 
according to the most common definition of Rg [307, 312]. Since I(0) is constant, the 









The data was plotted by ln I(q) versus q square, as Guinier plot. The slope of the 





4.3.2 Au-Ag leaf in-situ de-alloying test 
Before assessing the Cu-Zn in-situ de-alloying test, the in-situ de-alloying of Au-
Ag leaves was performed to evaluate a system not prone to precipitation of metal 
oxides. Compared with the Cu-Zn alloy, the Au-Ag alloy has a relatively small 
thickness (120 nm) and may be completely converted into nano-porous gold within 10 
min (Section 4.1) [35, 200]. Previously, in-situ SAXS experiments were performed to 
evaluate the impact of etchant concentration on the morphology of de-alloyed nano-
porous gold leaves therefore allowing us to compare our data with theirs [251]. In this 
section, since the scattering of the Au ligaments was very strong, some of the 
normalizations and assumptions mentioned in 4.3.1.1 will be ignored or simplified. 
Figure 4.18 presents SE images of the de-alloyed sample (nano-porous gold) after 
the in-situ de-alloying test. The duration for each sample was the same and only the 
solution temperature was altered. The morphology of the nano-porous gold leaves was 
found to be highly related to the solution temperature. The tortuous and intricate pores 
of the de-alloyed gold leaves coarsened with increasing solution temperature. The 
large cracks visible at 20 °C across the de-alloyed gold, shown in Figure 4.18 (b), were 
generated when the samples were transferred from the flow-cell to the SEM stub and 
are not expected to be directly induced by the de-alloying process due to the isotropy 
of the process. Most likely, these were formed due to the weaker mechanical strength 





Figure 4.18 The SE images of nano-porous gold after in-situ SAXS de-alloying tests. 
(a) 5 ºC, (b) 20 ºC, (c) 40 ºC, (d) 60 ºC. De-alloyed with 10 % HNO3 for 4800 s 
 
4.3.2.1 The raw SAXS patterns 
The SAXS patterns of in-situ Au-Ag de-alloyed samples are shown in Figure 4.19, 
in which the inserted figures are the raw 2-D SAXS pattern from the detector.  Since 
the reaction rate is different at different solution temperatures, the sampling interval of 
each temperature was adjusted based on the development of scattering peak and their 
change over time. The scattering peaks were found to get broader and higher in 
intensity upon de-alloying process progressing, while the centre of the knee shifted 
towards lower q ranges. The pore size increase occurring upon longer de-alloying 
process duration was previously reported for AuAg alloys [251], and therefore support 




The intensity of the curves changed dramatically over a range of time periods, such 
as 1500 s ~ 2100 s for the 5 °C de-alloyed experiment. In this period, the scattering 
knee shifted from 0.1 Å-1 to 0.08 Å-1, while the minimum q of scattering knee range 
increased from smaller than 0.002 Å-1 to around 0.02 Å-1. The scattering knee quickly 
poped up and shrunk into a amorphous scattering knee. Physically, circular pits 
appeared across the surface of the samples prior to developing into porous networks 
[198] during this period. This period will be referred to as the “transformation period” 
in this thesis. The same time window is visible for each temperature trialled and this 
change appeared to be less predominent with increasing solution temperature. It 
spanned from more than 10 min (600 s) at 5 °C to approximately 1 min (60 s) at 60 
°C. The SAXS patterns could not reveal any significant changes before the 
transformation period. The time period with no significant intensity change is named 
“incubation period”. Broad and swallow etching pits could perhaps be generated 
during the incubation period. The duration of incubation period was also sharply 
reduced with increasing solution temperature, which spanned from approximately 25 
min (1500 s) at 5 °C to less than 30 s at 60 °C. On the other hand, the scattering knee 
was found to strongly shift towards lower q during the period after the transformation 
period, which is named “growth period”. The end of growth period has only found in 
the patterns of 60 °C de-alloyed sample once reaching invariant scattering curves from 
3300 s onwards. Such a phenomenon could not be reached at lower temperatures 
suggesting the need for longer treatment periods to reach a steady state. Once reaching 
this invariant, the morphology of de-alloyed samples was stabilized and stopped to 
coarsen. Therefore, the duration of growth period was also decreased with respect to 
solution temperature increasing. An example of these three periods is shown in Figure 
SII.16, in which the SAXS pattern of 5 °C de-alloyed AuAg leaves was used as the 
example. The end of the transformation period corresponds to the sampled duration 





Figure 4.19 The SAXS pattern of in-situ Au-Ag de-alloying tests. (a) 5 ºC, (b) 20 ºC, 
(c) 40 ºC, (d) 60 ºC. The direction of the arrow shows that the intensity of scattering 
patterns increased with duration increasing. The inserted patterns are the raw 2-D 
SAXS pattern from the detector 
 
The scattering peaks of the SAXS pattern of de-alloyed porous material are in this 
case not characteristic scattering peaks but broad and reasonably sharp amorphous 
knees. The scattering pattern is a cumulative function of the projected distances of 
neighbouring solid/liquid interface. The scattering vector q is an inverse function of a 






)   , where the λ is 
wavelength and θ is the scattering angle [313].  
Here, the 3-D bi-continuous de-alloyed porous structure, with tortuous and intricate 
pore morphologies, can only scatter a broad amorphous knee rather than a sharp 
characteristic peak where the peak centre corresponds to the highest frequency 
distribution. In addition, the width of the peak may be correlated to the size distribution 




progressive expansion of the pores. The increase of size distribution range revealed by 
SAXS pattern may be faster than the increase of the real pore size, or pore volume, 
since the degree of tortuosity of the pores decreased with the coarsening of the pores. 
A schematic of the process is shown in Figure 4.20, in which a and a’ correspond to 
the maximum sizes, while b and b’ to the most frequent sizes for such distributions. 
On this schematic, the most frequent size b was found to increase approximately by 
only 30% to b’ after coarsening, while the maximum size a nearly doubled due to the 
tortuosity decrease.  
 
Figure 4.20 Schematic of the distance between neighbouring solid/liquid interfaces. 
(a) before coarsening, a: largest distance; b: highest frequency distance (b) after 
coarsening, a’: largest distance; b’: highest frequent distance 
 
4.3.2.2 The measurements from SAXS patterns 
The Radius of Gyration (Rg) is used to calculated the particle size in a dilute solution 
[308, 314] or precipitated phases of an alloy [315]. The Rg was used in this project 
since it can reveal the size of scattered features. As shown in Figure 4.21 (a), the Rg 
increased with respect to the de-alloying duration. The illustration of Rg fitting was 
shown in Figure SII.13. Since the Rg was measured from the raw SAXS patterns, the 
Rg in the transformation period of the 40 °C and 60 °C de-alloyed samples increased 
significantly prior to plateauing upon starting the growth period, while the values of 
Rg between 5 °C and 20  °C increased steadily and slowly. The value of Rg of each 




6.62 nm for 60 °C, suggesting that the Rg is partly proportional to the temperature of 
the de-alloying solution. Interestingly, the increase rate of Rg is also proportional to 
the temperature of de-alloying solution. Although the Rg is not a physical dimension 
of the scattering features, it very likely corresponds to the highest frequent distance of 
neighbouring solid/liquid interfaces and therefore may be utilized to express the mean 
size distribution of a system.  
The Porod’s law is a tool to estimate the specific surface area of scatters [308]. 
Although most models are designed for spherical particles with smooth surfaces [307], 
they may also be used to evaluate dynamic and relative variations of the surface area 
changes across porous material [316]. The Porod region should be in a region where 
neither the crystalline structure of the atoms nor the nano-scale geometrical features 
of the pores scatter. So, the Porod region should be 1/a >> q >> 1/R [317], where a is 
a lattice constant and R is the largest size of the scattering features, which is taken as 
being the Rg in this project. Therefore, the low q region, before the scattering knee, 
could be selected as the Porod region for the in-situ Au-Ag de-alloying SAXS patterns.  
Then, a power fitting function f(q) = A∙q-4 was used to fit these points and obtain, 
by regression, the surface area A, as shown in Figure 4.21 (b). The illustration of Porod 
fitting was shown in Figure SII.14. The surface area A of every sample was found to 
increase after the transformation period prior to steadily dropping upon reaching the 
growth period. The development of de-alloyed pores can be therefore related to two 
different aspects including, (i) the penetration with duration increasing, and (ii) the 
expansion of the pores with duration increasing. On one hand, the surface area of the 
material increased with the higher penetration depth while on the other hand, the 
surface area was likely decreased with pore expanding radially. Therefore, the 60 °C 
de-alloyed samples exhibiting the largest Rg offered the lowest surface area, while the 
5 °C de-alloyed sample with the smallest Rg presented the largest surface area. 
Relatively, the surface area of the samples de-alloyed at 20 °C and 40 °C were very 
close, which was perhaps due to the inhomogeneous thickness of the pristine sample 
or to rather similar etching mechanisms as previously stated. 
The Porod’s invariant, Q, was plotted with a process duration in Figure 4.21 (c). 




invariant Q can be divided into three sections: first a rise, prior to a plateau, and 
eventually a drop. The invariant Q of the 40 and 60 °C series was found to offer the 
same trend as the calculated surface area, A. The invariant Q of the  20 °C series 
remained in its plateau infancy for a longer duration while the plateau of the 5 °C series 
occurred later than the change visible for its surface area, A. The value of the invariant 
Q, corresponds to the total scattered energy of the beam, was integrated from the 
Kratky plot (4.3.1.4). However, the de-alloyed pores in the Au-Ag system will 
penetrate the sample (150 nm thick) fully within very short de-alloying durations (4.1). 
The relationship of the scattering volume Vs and the penetration depth Tp, mentioned 
in Section 4.3.1.4, is therefore not suitable for the Au-Ag system since the area of the 
interface may decrease after the pores penetrated the sample with process progressing. 
Similar to the surface area of Porod’s law, the total energy of the scattered beam 
decreased with an area of interface decreasing. Since the Au-Ag alloy system does not 
have oxide precipitation, the contrast (Δρ2) = (ρ1-ρ2)
2φ1φ2 = (ρ1-ρ2)
2(1- φ1) φ1, where 
(ρ1-ρ2)
2 was taken as a constant. The relationship between the surface area A and the 
invariant Q is shown in Equation 4.15 [307], where the V0 is the probed volume of 
















Figure 4.21 (a) The radius of gyration Rg plotted against the process duration. (b) The surface area A calculated through Porod’s law 
with last five data points on each curve. (c) The Porod’s invariant Q plotted against the duration. Error bars are present across all data 






Although the volume of Au-Ag alloy will shrink upon de-alloying due to surface-
induced plastic deformation of Au ligaments [254], this shrinkage did not occur in our 
case until the material had been completely de-alloyed [318]. The scattering interface 
generated during the process was therefore only generated by the de-alloyed probed 
material. Thus, the liquid phase fraction φ1, which is a function of the de-alloying 
duration in the in-situ de-alloying tests, φ1(t), was regarded as the porosity of de-
alloyed AuAg leaves. In addition, the probed volume V0 of the sample corresponds to 
the beam size multiplied by the thickness of the sample. So, the scattering volume Vs 







(𝑞4𝐼(𝑞))  → 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  
Then,  
𝐴𝑄~𝑉𝑠(𝑡)[1 − 𝜑1(𝑡)] 
Equation 4.16 
The plot A x Q against the process duration, is provided in Figure 4.22.  
 





Since the liquid phase fraction φ1 increased with the process progressing, the solid 
phase fraction (1- φ1) decreased with process progressing. Thus, the scattering volume 
Vs increased with process progressing. Interestingly, the slope of AQ in Figure 4.22 
decreased with increasing solution temperature suggesting that the increase of liquid 
phase fraction is slower at low temperature while the scattering volume increased 
faster. This trend could be explained by the fact that the pore density was likely higher 
at these low temperatures, as seen across the SEM images shown in Figure 4.18. 
 
4.3.2.3 Summary of in-situ de-alloying process on Au-Ag system 
In summary, the in-situ de-alloying test on the Au-Ag leaves at different 
temperatures demonstrated the impact of solution temperature on the de-alloying 
kinetics and on a control of the materials morphology. The morphology of the de-
alloyed materials will be coarsened if the solution temperature increased and the 
progress of the de-alloying process accelerated. From the measurement of data curves, 
the Rg of de-alloyed samples increased with solution temperature increasing while the 
surface area A decreased with solution temperature increasing. The calculation of 
invariant Q and AQ suggested that the increase rate of porosity, which corresponds 
to the de-alloying rate, perhaps is inversely proportional to the solution temperature. 
However, the change of scattering volume Vs cannot be achieved unless the liquid 
phase fraction or the composition of sample depending on process can be quantified 
by other techniques.  
The SAXS in-situ test and related analysis has produced good results on Au-Ag 
leaves, which have clear scattering peaks in SAXS patterns. The Cu-Zn in-situ de-
alloyed results will be presented and analysed based on the modelling and findings 
developed in the next section for the Au-Ag materials. 
 
4.3.3 Cu-Zn rolled alloy SAXS in-situ de-alloying tests 




The raw integrated scattering patterns, corresponding to the sample of in-situ de-
alloying data are shown in Figure 4.23. A typical scattering pattern is shown in the 
inset in Figure 4.23. The scattering intensity I(q) was plotted logarithmically versus 
the scattering vector q.  
Although the shifts across the integrated SAXS data were not as strong and clear as 
for the Au-Ag, the intensity I(q,t) increased upon the de-alloying process duration 
increasing. Most of the increase in intensity appeared over low q windows, q < 0.1 Å-
1, suggesting morphological changes for large features. Besides the intensity increase, 
a board scattering knee appeared over the window from 0.003 Å-1 to 0.09 Å-1 with 
increasing de-alloying duration. The centre of the broad knees was evaluated below 
0.01 Å-1 by direct observation. The contrast and overall intensity of these knees were 
however too weak to precisely locate their width and breadth. There are two main 
reasons for this low intensity. First the relative volume of the porous layer, which was 
generated by the de-alloying process and corresponds to the scattering features, is very 
small compared to that of the overall dense pristine material. Second, the distribution 
of these features is large at the nanoscale, ranging, as seen from SEM analysis from 20 
nm to over 1 μm. This means that only very limited volume ratios of scattered beam 






Figure 4.23 Raw data curves of in-situ SAXS de-alloying test at 5 °C, 20 °C, 40 °C 
and 60 °C. The inset images show the typical scattering patterns corresponding to the 
beginning and the end and highlighting the change in the distribution of the scatters. 
The arrow represents the intensity increase with increasing duration  
 
The SEM images of the de-alloyed Cu-Zn samples, shown in Figure 4.24, present 
significant differences from the ones of de-alloyed nano-porous gold (Figure 4.18). 
The SEM images of ex-situ de-alloyed samples depending on process duration were 
shown in Figure SII.17~SII.20. The de-alloyed morphology of Cu-Zn has very low 
porosity and extremely coarsened ligaments as well as surface precipitates found to be 
more prominent with etching solution temperature increasing. Relatively, the 
ligament/precipitates slightly coarsened with duration increasing. On the contrast, the 
size of de-alloyed pores was relative stable compared with coarse ligaments and 
precipitates. This trend suggests that the rough surface may scatter more beam than the 
liquid/solid interface across de-alloyed pores. As a result, and as opposed to the Au-
Ag system, the intensity of the curves was found to rise continuously (q < 0.1 Å-1) 





Figure 4.24 The SE images of de-alloyed CuZn37 after in-situ SAXS de-alloying tests. 
(a) 5 ºC, (b) 20 ºC, (c) 40 ºC, (d) 60 ºC. De-alloyed with 1 M NaOH for 3000 s 
 
The roughness Ra of the ex-situ de-alloyed samples at different temperatures was 
plotted against process duration in Figure 4.25. The roughness Ra was measured by an 
optical profilometer. The measured area is 22,500 μm2, corresponding to a relatively 
flat area in the field of view. The roughness Ra were calculated using 5 different areas 
and taking the average value of roughness of each sampled area. At short de-alloying 
times, the surface of the 60 °C de-alloyed sample is the roughest while the surface of 
5 °C de-alloyed sample is smoothest. Furthermore, the surface roughness of 5 °C and 
20 °C de-alloyed increased after 40 min (2400 s) and became even rougher than that 
of 60 °C de-alloyed samples. Based on the previous results and behaviours of de-
alloyed AuAg samples, three active periods may again be identified including (i) an 
infancy increase, prior to (ii) a plateau period and (iii) a decrease period. The 








Figure 4.25 the surface roughness Ra of ex-situ samples at different de-alloyed 
temperature plotted against process duration. De-alloyed with 1M NaOH, measured 






4.3.3.2 The normalization of SAXS pattern 
Therefore, the raw scattering data were normalized by dividing each curve by the 
first acquired data, called I0(q) (Equation 4.3). This I0(q) was obtained for a sample at 
the very moment just upon contacting with the etching solution. The normalized 
relative intensity I’(q) was again plotted against the logarithmic scattering vector q in 
Figure 4.26. This divisional normalization was selected rather than a direct background 
subtraction since the intensity of the visible broad knees was too weak to properly 
identify the mean distributions. Trials of subtractions were performed, but the signal 




about the structure and physical distributions. Although the normalization by dividing 
the data increased the knee resolution making them more prominent thus facilitating 
the position identification, the relative intensity could not obviously be used for fitting 
and further analysis [307]. This method was therefore solely used for peak location 
and overall peak width evaluation, which were correlated to the scattering vector to 
retrofit with the raw data.  
 
Figure 4.26 Normalized data curves of in-situ SAXS de-alloying test at 5 ºC, 20 ºC, 40 
ºC and 60 ºC. The direction of the arrow shows that the intensity of the scattering 
patterns increased with duration increasing 
 
The de-alloyed metal porous structures were regarded as an amorphous structure 
[251] since only one broad knee could be identified. Although these knees exhibited a 
very large range of size distributions, the relatively stable position of the knee centres 
indicated that these knees represented confidently the de-alloyed pores. Thus, the 
morphology changes of the de-alloyed samples were investigated through specific 





4.3.3.3 Knee position shifting and intensity increasing with respect to the de-alloying 
duration 
The X-ray beam was scattered at the interface between the different phases, 
including the ligaments and the solution, but also the CuO precipitates and the brass 
alloy at scattering vectors q < 1 nm-1.  The scattering contrast difference (Δρ2) between 
Cu (ρCu=6.47e
-5) and Zn (ρZn=5.27e
-5) within the alloy is so small that it is hardly 
distinguishable with SAXS at that high beam energy, far from the fluorescent edge of 
the materials. The same was found to be valid for the main oxide layer interface CuO 
(ρCuO=4.73e
-5) and the brass (CuZn30) material (ρbrass=6.15e
-5) . Meanwhile, the 
contrast between the etching solution (ρ1M NaOH=8.9185e
-6) and the average ligament 
(CuO, Cu or brass) is much larger. Since the density difference between the solid 
components (Cu, Zn, brass and CuO) is not significant enough, all of the scattering 
beam energy in this experiment was therefore considered as a direct contribution from 
the interface between the etching solution and the ligaments generated during the de-
alloying process. Therefore, the knee visible across the reduced data was only 
correlated in the following section to such interface and features irrespective of the 
exact material composition. The intensity of the knees and their change as a function 
of the treatments therefore reveals the amount or density of the scatterers while the 
width of the knee could be correlated to the distribution of the scattering features. This 
interpretation was also possible since each sample tested was its own reference. 
Indeed, the data could be compared directly to the same sample before starting de-
alloying process, which was taken as the first data curve just upon liquid contacting 
the surface. 
In this section, the normalized curves were used instead of raw curves. As shown 
in Figure 4.26, most of the knees were not fully displayed across the q range window. 
Indeed, it is likely that the distribution of the knees went beyond the 400 nm limit, 
corresponding to the maximum feature size visible from the q range at 7 m camera 
length. Therefore, each curve was fitted with a Gaussian fitting function prior to peak 
analysis to evaluate more precisely the entire size distribution (Section 4.3.1.2), as 
shown in Figure 4.27. The scattering size distribution of de-alloyed sample (q range) 
corresponds to the projected distance distribution of neighboring interfaces of de-








Figure 4.27 Extended normalized data curves of in-situ SAXS de-alloying test at (a) 5 
ºC, (b) 20 ºC, (c) 40 ºC and (d) 60 ºC. The direction of the arrow shows that the 
intensity of scattering patterns increased with duration increasing. The Fitting Chi-Sqr 
of each curve is shown in Table SII.1 
 
The 3D de-alloyed Cu-Zn structure does not offer regular morphologies. The q 
range of the corresponding knees therefore directly revealed the entire size 
distributions. First, the centre of the knee distributions was evaluated from these 
fittings and correlated to the highest frequent distances of neighboring solid/liquid 
interfaces. By analysing the surface morphology of de-alloyed sample of ex-situ de-
alloying on SEM images (Figure SII.17~SII.20), it is found that the ligament size was 
clearly coarsened with duration increasing. It thus indicated that the relative stable 




The shift of the normalized centre distributions for the different de-alloying 
procedures is shown in Figure 4.28 (a). The knee centre position upon de-alloying at 
5 ºC was found to be relatively stable, suggesting the little impact of the low 
temperatures on the pore size distribution. Oscillations of the values around a mean 
value of 13 ~ 15 nm in the d space (physical space) were however visible and attributed 
to the formation of an oxides layer. On the other hand, the centre position of the 
samples treated at higher temperatures was found to shift to higher values with de-
alloying duration increasing. 
In a first phase, a sharp reduction of the size occurred, followed by a second phase 
when the mean average size was found to decrease at a much slower pace. This trend 
is suggesting a reduction of the physical size of the pores over time, consistent with 
the etching mechanism based on fast solubilization of both Cu and Zn metals. 
Although Zn is more preferentially etched, likely during the first steps of the de-
alloying process, Cu will also be slowly solubilized over time and partial dissolution 
may occur over the scope of minutes to hours, as discussed in the section of oxides 
formation (Section 4.2.4). The shift was however found to be extremely limited at 20 
°C, with only approximate 4 of the shift, while at 40 °C and 60 °C the variations were 
rather significant with up to 27 nm and 16 nm, respectively. Interestingly, the values 
for the 40 °C samples were found to initially increase significantly prior to drop back 
for longer durations. This phenomenon may be due to the etched voids, liked growth 
period of Au-Ag de-alloying process. However, the same phenomenon was not found 
at other de-alloying temperatures. The reason may be related to the duration of the 
phenomenon which is shorter than the sampling interval. At 60 ºC, the de-alloyed 
sample did not generate enough interfaces to scatter the beam strongly and this pattern 
got lost in the noise of the signal.  
The Full-width at half-maximum (FWHF) revealed some information about the size 
distribution of the scattering features (Figure 4.28 (b)). The FWHF of curves at 5 ºC 
was assessed and found to plateau after a significant increasing in intensity at the early 
stage of the de-alloying process. A similar trend on curves of 5 ºC can be found for the 
full-peak width (FPW) which are presented in Figure 4.28 (c). The FWHF of samples 
de-alloyed at 20 ºC was found to consistently decrease over time, while at 40 ºC the 




to reaching a clear plateau. The FWHF at 60 ºC was found to consistently decrease 
until the end of the test. However, except the curve for the samples at 5 ºC, the FPW 
of curves at 20 ºC and 60 ºC monotonically decreased with increasing duration. The 
FPW of curves at 40 ºC presented a similar change as FWHF before 1000s, then 
oscillating around 900 nm, while that of the FWHF of 40 ºC steadily decreased. The 
changes in the width of the distribution may be related to the shape of the pores and 
their aspect ratios, as mentioned in Section 4.3.2. The neighbouring distance of 
liquid/solid interface of the de-alloyed Cu-Zn is narrowing with duration increasing, 
which is interestingly opposite to what happened with the Au-Ag system. This change 
in behaviour indicates that the de-alloyed pore of Cu-Zn tends to be equiaxed and 
uniform and that precipitation or surface deposition may play a significant role in the 
ligament growth and formation.  
The oscillation of the peak centre position and peak width happened in the early 
duration in most condition, except for the 5 °C de-alloyed sample. Regarding the 
significant dropping of the Zn content in the first 10 min visible across the PIXE results 
of the ex-situ samples at 20 °C (Figure 4.13), the oscillation may be related to the 
dramatic change of surface and bulk composition as suggested by the massive 
morphology changes occurring during these periods. Similar to the Au-Ag system, 
these periods are strongly affected by the solution temperature. Therefore, the duration 
of the oscillating period at 5 °C may last 1800 s for the CuZn samples while it would 
last less than 120 s for the AuAg samples. A direct correspondence between these 2 
systems cannot however be completely justified due to the extremely different de-
alloying mechanisms, precipitation tendencies and solubility of the different metals in 






Figure 4.28 Peak shifting with duration increasing. (a) Peak centre (b) Full width at half maximum of the peak (c) Full-peak width of 




4.3.3.4 The measurements of SAXS pattern 
As for the Au-Ag system, the radius of gyration Rg was also used to estimate the 
average size of scattering features across de-alloyed Cu-Zn samples. However, there 
are no region larger than  3 consecutive points across all curves which may properly 
satisfy the requirement of q·Rg < 1.3. In a diluted system, this trend would be 
interprated as the fact that no scattering features were segregated [310]. In the Cu-Zn 
alloy case, this may be due to the overlap of de-alloyed pores’ projections, 
corresponding to the segregation of parical in diluted system or to the fact that the 
samples were still in incubation or early transformation period even after 3000 s. 
However, this trend is more likely to be a co-effect of both hypotheses since the the Rg 
of the de-alloyed CuZn samples at different temperatures was not exactly initiated at 
the same duration.  
The Guinier region of de-alloyed Cu-Zn alloy was chosen around the q range of the 
centre of the knee, where the sharpest region of Guinier plot is located (Section 
4.3.1.6). The plot of the Rg against the de-alloying duration at different temperatures 
is shown in Figure 4.29 (a). The illustration of Rg fitting was shown in Figure SII.21. 
The Rg upon de-alloying at 60 ºC was found to exhibit the largest value, initialy at 27 
nm prior to progressively and slowly decreasing to 23 nm by the end of the experiment. 
The Rg at 40 ºC presented a similar trend except that it shrply increased from 11 nm to 
25 nm over the first 600 s prior to slowly reducing to 20 nm, while at 20 ºC, the Rg 
increased from 16 to18 nm over the first 120 s then prior to plateauing around 16 nm. 
Last, the Rg at 5 ºC was found to be highly unstable, and fluctuate between 7 and 21 
nm for up to 300 s, prior to dropping and stabilizing around 16 nm until the end of the 
experiment. This result suggests that the de-alloyed pores of the de-alloyed Cu-Zn 
sample could be shrinking with respect to duration increasing, which may be related 
to oxides precipitation and ligament coarsening. The coarsened ligaments has reduced 
the distance of neighbouting interfaces on de-alloyed surface.  
The Porod region was chosen for q values between 0.05  and 0.1 Å-1. This choice 
was based on the same principle as for the Au-Ag system, that 1/a >> q >> 1/R [317]. 
In addition, the intensity I(q) of the in situ-de-alloyed CuZn SAXS patterns, where q 




The surface area A was obtained after fitting the Porod law across this range of data 
(Equation 4.11) and was plotted against the de-alloying duration, as shown in Figure 
4.29 (b). The illustration of Porod fitting was shown in Figure SII.22. The initial 
surface area A of each samples was interestingly different, A(20 °C)  > A (60 °C) > A 
(40 °C) > A (5 °C), although the surface area A of each sample were found to change 
similarly, and to increase with respect to increasing de-alloying duration. The value of 
A (40 °C) suddenly doubled at 1800 s. At the end of the in-situ tests  (3000 s), the  40 
°C de-alloyed sample offered the largest surface area, followed by the 20 °C de-alloyed 
samples and the 60 °C de-alloyed samples. The surface area of 5 °C de-alloyed sample 
was always the smallest among the 4 series. Comparing with the surface area of de-
alloying Au-Ag system (Figure 4.21 (b)), the increase of sample surface area with 
process progressing supports the hypothesis on the nature of the Rg values, which the 
in-situ de-alloyed CuZn samples were still clearly visible during the incubation period 
and the early transformation period. The increase of surface area indicates that the 
penetration depth of de-alloyed pores increased with process progressing but more 
slowly than visible for the AuAg samples.  
The surface area evaluated from the Porod’s Law corresponds to the scattering 
interfaces of the sample. Thus, the surface area A was indeed likely the surface area of 
de-alloyed pores, which were less sensitive to the solution temperature compared to 
the ligaments/precipitates. The step at 40 °C de-alloyed sample between 1200 s to 1800 
s may be a statistical error caused by the beam probing an area containing large pores, 
or else offering an initially much larger surface roughness, facilitating pore nucleation. 
Such large pores can be found randomly on the SE images of the ex-situ de-alloyed 
samples and are likely caused by the rolling process mechanisms used to form the films 
(Figure SII.19). The appearance of these areas may correlate directly to the 






Figure 4.29 (a) The radius of gyration Rg at different solution temperature plotted 
against the process duration. X axis (duration) was plotted with Logarithm binary. (b) 
the surface area A calculated through Porod’s law  
 
The Porod invariants, Q, of the in-situ de-alloyed Cu-Zn samples were plotted 
against the de-alloying process duration, as shown in Figure 4.30 (a). The illustration 
of Porod fitting was shown in Figure SII.23. In addition, the penetration depths of the 
de-alloyed pores were obtained from ex-situ de-alloyed sample and are presented in 
Figure 4.30 (b). The penetration depths of the pores were found to increase with respect 
to increasing process duration, and to increasing solution temperature (from 20 °C to 
60 °C). The penetration depth of the 5 °C de-alloyed samples was found to oscillate 






Figure 4.30 (a) The Porod invariant Q at different temperature plotted against the 
process duration. (b) the penetration depth of de-alloyed region, measured on cross-
section view of ex-situ de-alloyed samples 
 
The product of invariant Q and surface area A was plotted against the process 
duration (Figure 4.31 (a)). In Cu-Zn system, the penetration depth of de-alloyed region 
is increasing with process progressing; the residual Zn in the de-alloyed region is also 
decreasing with process progressing. Therefore, the penetration depth Tp of de-alloyed 
region was measured from cross-sectional views of the ex-situ de-alloyed samples to 
yield the physical scattering volume Vs (Equation 4.5).  Accoding to the Equation 4.16, 
AQ divided by Vs is proportional to the solid phase (ligaments) ratio φ2. The solid 
phase (ligaments) ratio φ2 plotted against the process duration was presented in Figure 
4.31 (b). The φ2 in the Cu-Zn system does not represent the progress of de-alloying 
process. However, the φ2 was related to the formation of de-alloyed structure. The φ2 
increased with process progressing at the room temperature (20 °C), while the φ2 was 
oscillating within a small range at 5 °C and 60 °C. At 40 °C, the φ2 has increased 
extremely fast between 1200 s to 2400 s prior to plateauing, or even slightly 
decreasing.   
Based on the discussion and hypothesis previously developed, the etching and 
precipitation sub-process linked to the de-alloying mechanism is likely to be 
temperature sensitive. The etching and precipitation rates at 5 °C and 60 °C must be 
very close, and the φ2 therefore was found to be relatively stable. Meanwhile, the 




significantly between these 2 temperatures. The precipitation process cannot happen 
before the etching process is fully initiated, or else continued without sufficient metal 
ions to reach a critical concentration in solution. If the critical concentration is not 
reached, even in the confined domains of the pores or surfaces of the solubility limit 
of the system, at a given pH and a temperature, the precipitation, of course, would not 
commence. This trend therefore indicates that the φ2 at 20 °C should drop in the 
following step of the mechanism. Thus, the increase and decrease of φ2 is likely 
happened consequently during the de-alloying process. 
 
 
Figure 4.31 (a) the product of AQ plotted against the process duration. (b) Calculated 
solid phase fragment φ2 plotted against the process duration 
 
4.3.3.5 Summary of in-situ de-alloying test on Cu-Zn system 
Although 3000 s was sufficient to convert the Au-Ag leaves into nano-porous Au-
Ag membranes under the conditions used in this work, the same duration for de-
alloying of Cu-Zn system can only achieve 415 nm oxide layer from 5 μm pristine foil 
at 20 ºC, based on the results of RBS presented in Section 4.2.4. In other words, only 
20% of the sample can scatter the beam in the interested range and 80% of sample 
supplies the background signal and adsorbs part of scattered beam. Therefore, the 
normalization of raw date has adopted the division method rather than the conventional 




According to the analysis on the normalized data, except the experiment at 5 ºC, the 
statistical average size of the scattered features at any temperature and their associated 
distribution decreased with de-alloying process duration. The average size of the pores 
was relatively stable for every environment temperature which is likely related to the 
precipitating rate of dissolved Cu (4.2.4). Therefore, the peak centre of the scattering 
knee shifted to a smaller average pore size due to the volume increase of the ligaments 
of the material. However, peak shift of scattering knees on Cu-Zn pattern was so small 
and negligible compared to the peak shifts on Au-Ag system. These phenomena 
suggested that the in-situ de-alloyed CuZn samples might be still in the incubation 
period or early of transformation period even after 3000 s. The oscillating period of 
the SAXS patterns at any temperature may be correlated to the period when the Zn 
content within the material dropped dramatically. 
As discussed in the section (section 4.3.3.4) about the ligament phase ratio φ2, the 
etching and precipitation rates may be similar at 5 °C and 60 °C de-alloyed samples 
but quite different between 20 °C and 40 °C. Nonetheless, the de-alloying process may 
be alternate etching and precipitation mechanisms in order to proceed. Indeed the 
precipitation mechanism is concentration dependant, and will therefore likely only 
kick-in when sufficient building materials are available within the pores or across the 
surface. Likely, this lead to a pulsed mechanisms, whereby concentration polarization 
led to ions being transferred from the pores to the bulk liquid, and to oscillations of the 
concentrations therefore radially to the surface. This aspect explains why the kinetics 
of de-alloying appeared to decrease much faster for the CuZn alloys compared to the 
Au Ag alloys. The pore penetration was hindered due to the contra-diffusion and 
precipitation simultaneously happening. The coarsened ligament of 60 °C ex-situ de-
alloyed sample (Figure S12) and stable ligament phase ratio φ2 of 60 °C in-situ de-
alloyed sample (Figure 4.31 (b)) suggested that the etching and precipitating may 
therefore coexist on the probed volume of sample during the in-situ SAXS experiment.  
 
4.4 Discussion and Summary 
The impact of the de-alloying conditions was investigated by comparing the 




was found that the Au-Ag led to a bi-continuous nano-porous structure while the Cu-
Zn led to a particle-like/branches-liked nano-porous structure. Specifically, a series of 
thin porous layers appeared across the de-alloyed Cu-Zn samples. The morphology of 
the de-alloyed CuZn was also strongly altered with respect to the experimental 
duration and solution temperature. At any temperature, the particle-like precipitates, 
which are copper oxides, would appear on the surface of de-alloyed CuZn samples. 
The size of the precipitates was proportional to the solution temperature. With duration 
increasing, the particle-like precipitates across the surface kept coarsened over time. 
The conversion of the material into a porous structure with homogeneous and fine 
ligaments and pores occurred after a certain period of duration, which is depending on 
the environment temperature, such as 24 h for 20 °C temperature. The growth of the 
precipitates was also correlated to the solution temperature. The precipitates at 5 °C 
have finally converted into porous framework with nano-pores and nano-ligaments. 
Their ligament size at 20 °C was 20~50 times bigger than that at 5 °C. The precipitates 
at 60 °C however were converted into flaky structure rather than porous framework 
due to the increase of diffusion rate of Cu ion at 60 °C. 
The etching rate of Zn, analysed by PIXE, was up to 1 at.%·min-1 at the first 10 min 
duration of the de-alloying process, prior to suddenly decreasing to 0.017 at.%·min-1 
at the following duration. After 12 h (720 min), the residual Zn content of de-alloyed 
samples was approximately 10 at.%, which is far less than 18 at.% estimated by EDS. 
Meanwhile, the penetrated depth (thickness) of CuO D(t), de-alloyed at ambient 
temperature (20 °C), increased with process duration t (min), which 
D(t)=0.1762+0.00615·t^0.93141. The penetrated depth of CuO (20 °C) on one side 
was therefore approximately 1.5 μm after 12 h, 2.8 μm after 24 h, 5 μm after 46 h and 
10 μm after 96 h. However, as presented in Section 4.2.2, the thickness of the porous 
layer (20 °C) was only about 5 μm at 96 h, which equaled to the penetrated depth of 
CuO (20 °C) after 46 h. These phenomena indicate that the process of dezincification 
is quicker than copper oxides formation. It was only 10 at.% (30 at.% in pristine) 
residual Zn at 12 h while the penetrated depth (both sides) was 3 μm (out of 25 μm). 
In addition, if the penetrated depth of CuO was regarded as the frontline of the Cu-Zn 
de-alloying process (distinguished with the dezincification),  the formation of porous 




There are two hypotheses to explain the reason for the kinetics of the de-alloying 
Cu-Zn system. The first one is that the concentration polarisation of metal ions and 
precipitates across the thickness and pores of the materials upon the de-alloying. The 
slow dissolution rate would then be due to an excessive concentration of species in the 
shear layer of the material thus reducing the strength of the etchant and leading to a 
rate-diffusion hindrance (Figure 4.32). The forced convection of stirring has less 
impact on the solution present inside the pores due to the confinement of the liquid 
[320]. In this case, the ion transport between the bulk liquid and that present inside the 
pores is therefore osmotically driven by the overall concentration gradient. For longer 
de-alloying durations, the pore penetration depth was enhanced which increased the 
distance from the etching frontline to the sample surface. The freshly dissolved ions 
required more time to escape from the matrix of material. Thus, the concentration of 
the ions kept increasing with longer duration until reaching suspended threshold limit 
beyond which diffusion is not entropically favourable anymore.  
The inflection point (10 min) of dezincification (Figure 4.13) indicated the start of 
concentration polarisation. In the following process, the rate of dezincification reduced 
with process progress due to the increase of pore penetrated depth and decrease of 
concentration gradient. 
 





During the Au-Ag in-situ de-alloying tests, the solid phase ratio increased with 
process progressing but the increase rate was negatively correlated to the solution 
temperature. The dissolution rate of atoms is proportional to the solution temperature. 
However, a similar deduction cannot be achieved from Cu-Zn in-situ de-alloying.  
On the other hand, during the Cu-Zn in-situ de-alloying tests, the precipitation rate 
was higher than etching rate at 20 °C and 40 °C, while the precipitating and etching 
rates were the same or very close at 5 °C and 60 °C. However, the precipitating rate 
cannot be always higher than the etching rate unless the precipitating is a periodical 
sub-process. Therefore, in the Cu-Zn in-situ de-alloying tests (Section 4.3.3), the 
etching and precipitating were thought as two alternative sub-processes of Cu-Zn de-
alloying process. In the consideration of the PIXE result (Figure 4.13), these two sub-
processes indeed were concurring but concentration dominated. The kinetics therefore 
depended on the etching rate of the Cu and Zn ions, which upon leading to a 
concentration polarization, and to a migration of ions to the bulk liquid, initiated 
periodically, precipitation phases, likely forming onion-like layers across the surface 
of the bulk metal ligaments. In this hypothesis, the oscillation of Zn content was 
considered as part of the repeating periods rather than the error of ex-situ experiments.  
In addition, the schematic of repeating periods composing the de-alloying 
mechanism is shown in Figure 4.33. In each period, the Zn content has repeatedly 
experienced the same trend. The Zn content taken from the PIXE analysis is a relative 
value, which is very similar to the absolute one obtained from the EDS analysis. 
Therefore, the increase of Zn content was indeed the decrease of Cu content, which 
likely corresponded to the Cu etching. Therefore for this system, the duration of period 
(I) is 60 min, period (II) is 120 min, and period (III) is 300 min. The duration of the 
period became longer with process progressing. It may also be due, again, to the 
concentration polarisation occurring within the de-alloyed pores. Therefore, the 
expected duration of period IV was longer than 300 min. In this hypothesis, the copper 
etching was not started with de-alloying process but the result of a concentration 
polarisation. It indicated that the dissolution and precipitation of the Cu was a 
periodical process, which was activated by the concentration polarisation and 
suspension / reduction of the metal ions. Furthermore, the duration of Cu-Zn in-situ 




phase ratio (Figure 4.31 (b) 20 °C) just overlapped with the decrease period of Cu 
content in period I (Figure 4.33). This verified the deduction in Section 4.2.4 that the 
etching of Cu is the main procedure of de-alloyed porous structure formation in Cu-
Zn de-alloying. 
 
Figure 4.33 the schematic of four repeating periods of Zn content on PIXE results 
 
The periodical precipitating process of Cu may lead multiple porous layers to form 
on surface of de-alloyed sample. The reaction rate of each period is different since the 
penetrated depth and concentration gradient was different, which led to different 
morphology of precipitates and different thickness. Since the thickness of each layer 
is the function of process duration, which nearly linearly increased with the duration. 
Ions in high-temperature etching solution are capable of long-distance diffusion since 
the solubility of Cu ion increased with temperature increasing [321]. Therefore, the 
ions may precipitate or deposit in a position, which is closed-stack and low energy, 
liked facet growth of solidification [304]. The giant polyhedral precipitation or flaky 
precipitation (Figure 4.10 (c) and (f)) is therefore the product of long-distance 
diffusion. On the contrast, the capability of long-distance diffusion has been suspended 
at low temperature (5 °C). The ions were precipitated due to the concentration 




In addition, the solid phase ratio changed during the Cu-Zn in-situ de-alloying tests 
dependent on the process duration (Figure 4.31) revealed the impact of temperature on 
the dissolution and precipitation of Cu. Therefore, the duration of repeating periods 
may also be increased or decreased by increasing or decreasing the temperature, 
respectively. The short duration of repeating periods at low temperature (5 °C) has led 
to a series of thin porous layer (Figure 4.10 (g)), while ultra-long duration of repeating 
periods at high temperature (60 °C) has led to a very thick oxides precipitates covered 
on the surface rather than a separated layer. Similarly, 20 °C de-alloyed samples may 
have more than 2 porous layers which might be broken and peeled off by shear flow 
during the process.  
In addition, a layer (top layer) of new composition in RBS analysis will present a 
step with sharp edge. Therefore, the bevel edge of RBS peak shown in Figure 4.14 (a) 
represents a continuous distribution of copper oxides. It indicates the existance of a 
transition area in which the density of the oxides was decreased with penetrating depth, 
normal to the surface [305]. In this area, more and more copper atoms had been etched 
and precipitated as copper oxides until all of the exposed copper atoms had been 
consumed, and a skin of oxides formed. In front of the transition area, the frontline of 
the de-alloying process is the most active area, in which the Zn content had been 
transferred to the surface and contacted with the bulk etching solution. The position of 
the Zn atoms formed a series of discontinuous vacancies in the front line of the de-
alloying process. These vacancies may have transferred into the matrix of materials 
due to the Zn atoms migration [205]. After the transition area, the de-alloyed porous 
structure was formed and theoretically stablized. The schematic of the relationship 
between the frontline, transtion area and de-alloyed area is shown in Figure 4.34, with 
a cross-sectional SEM image of 96 h alkili de-alloyed CuZn30, clearly presenting the 
three areas. Therefore, after 96 h, the two 2.5 μm separated porous layers (Figure 4.7) 
of the de-alloyed sample fabricated at 20 °C were indeed a de-alloyed porous layer, 






Figure 4.34 (a) Schematic of three areas on cross-section view; (b) example SE image 
of ex-situ de-alloyed sample (cross-section view, de-alloyed with 1 M NaOH at 20 °C 
for 96 h) 
 
The increase of the Zn content in Figure 4.13 may also have been due to the peal-
off of CuO layers from surface of de-alloyed samples during the process, if the Cu 
etching had started with the de-alloying process (1st hypothesis). The formation of 
separated porous layers may be related to the inhomogeneous distribution of Zn 
content due to the Zn migration and the change of concentration gradient due to the 
peal-off of top layer.  
In addition, the contribution of stress accumulated during the de-alloying process 
on the formation of separated porous layer cannot be neglected. Compared to the Au-
Ag de-alloying system, the de-alloying process of Cu-Zn system in our condition is 
endless. The de-alloyed layer may accumulate stress during atomic rearrangement 
process until it is torn off from the front line and the main metal matrix by the stress 
propagation/release. The de-alloyed samples were in fact found to be always slightly 
smaller in surface area than the initial pristine samples. Although the exact nature of 
the shrinkage is difficult to evaluate and correlate to stress at the nano-level, such 
considerations should be made for future works in this area.  
In summary, a chemical de-alloying process on Cu-Zn alloy is a combination of the 
competitive etching and Cu precipitating processes. The formation of the nano-porous 
de-alloyed structure relies on whether the Cu is participated in the etching process. The 
de-alloyed morphology depends on the diffusion rate of ions in etching solution while 




polarisation of dissolved metal atoms is the main reason that leads to slow de-alloying 
rate and may also lead to the formation of separated porous layer. In following 
chapters, the morphology of de-alloyed material will be dicussed if modifing the 





Chapter 5  Impact of the alloy microstructure on 
de-alloying kinetics 
 
In this chapter, the impact of the microstructure of pristine alloys on the 
morphology of the de-alloyed products will be investigated and discussed. This chapter 
contains three main sections whereby the composition, the grain size distributions and 
the grain orientations of the pristine materials will be correlated to the final pore 
morphology. This research will clarify the intimate relationship between the corrosion 






5.1 Impact of the alloy composition on the de-alloying 
process 
Although the theory of ‘parting limit’ mentioned in Chapter 1 may not be applicable 
during the chemical de-alloying process since the noble phase will be etched during 
the chemical de-alloying process as discussed in Chapter 4, the composition of the 
pristine alloy was found to have an impact on the porosity and morphology of the final 
de-alloyed products [205, 206].  
This chapter presents the de-alloying results obtained for different pristine alloy 
materials with four different compositions, namely, CuZn30 and CuZn37 made by 
rolling, CuZn26 made by casting and CuZn18 made by hammering. The 
microstructure of pristine metal materials is mostly determined through their different 
manufacturing processes therefore allowing for direct and simple qualitative 
comparisons. Although the microstructure of the pristine alloys could be potentially 
affected during post-fabrication treatments, such as heat treatments, the microstructure 
of the pristine alloy will present the footprint and main characteristics of the 
manufacturing process [291, 322, 323]. The impact of the microstructure, such as the 
grain orientation or grain size, on the de-alloying kinetics and final porous structure 
will be presented and discussed in the following sections.  
 
5.1.1 Rolled foil (CuZn30 and CuZn37) 
As investigated in Chapter 3, both CuZn30 and CuZn37 are commercial brass foils 
made by rolling. Apart from the Zn content, the microstructures of the two materials 
including the number of phases and their composition, the grain size distribution and 
the grain orientation are very similar. Both pristine alloys were randomly sampled and 
put into the same beaker, prior to being de-alloyed under the same process conditions 
for up to 96 h. The SE images of the final de-alloyed surfaces are shown in Figure 5.1. 
The surfaces of pristine CuZn30 and CuZn37 sample (Figure 5.1 (a) and (e)) presented 




After 1 h of de-alloying, the surface morphologies of both alloys were visually 
similar (Figure 5.1 (b) and (f)). The surfaces appeared to be composed of particle-like 
and homogeneously distributed precipitations with grains primarily aligned with the 
traces of rolling that are clearly visible on the SE images of the non-de-alloyed samples 
(Figure 5.1 (a) and (e)). It is worth noticing that the size distribution of the precipitates 
across the de-alloyed CuZn37 was narrower than that of de-alloyed CuZn30. 
Cylindrical precipitates formed across the CuZn30 samples with an average dimension 
of just over 2 μm long and 500 nm wide were primarily distributed along the rolling 
traces that were visible across the surface of the pristine alloy. On the other hand, the 
semi-spherical precipitates across the surface of CuZn37 were relatively homogenous 
in size and shape and presented a diameter in the order of 100 nm. 
After 24 h of de-alloying, the precipitates across the surface of both alloys were 
found to coarsen compared with those at 1 h. The coarsened precipitates were formed 
by merging the adjacent ones into larger particles. For CuZn30 materials, the surface 
of the de-alloyed samples was fragmented into individual and intricate grains formed 
by the precipitates. These larger precipitates were likely formed by merging the 
smaller precipitates which were visible after 1 h of treatment. For CuZn37 materials, 
the precipitation presented an intricate morphology (Figure 5.1 (g)), which was closer 
to the benchmarking de-alloyed structure of the de-alloyed Au-Ag presented in Figure 
4.1 (a). Both the alloys presented a transitional morphology from particles-liked 
surface to branched surface. 
After 96 h of de-alloying, both alloys showed a very similar morphology with 
almost the same structure in branched precipitates with homogenous ligaments size 
(Figure 5.1 (d) and (h)). As presented during the study of the de-alloying kinetics 
(Chapter 4), this morphology is thought to be very representative of the final de-
alloyed morphology of the Cu-Zn system. Although the composition of both CuZn30 
and CuZn37 are obviously different, the morphologies of their branched surfaces were 
very similar with a ligament size on the order of 100 nm. Multiple porous layers, 
overlapping each other across de-alloyed Cu-Zn, were visible and the irregular 
fragments suggest that these branched structures may be formed across the surface of 
the material by re-deposition after the first porous layers were formed, and then 




process. This result suggests that the precipitation condition may have a greater impact 







Figure 5.1 Comparison of morphologies of the de-alloyed samples achieved from CuZn30 rolled foils and CuZn37 rolled foil. (a) 
CuZn30 pristine; (b) CuZn30 1 h; (c) CuZn30 24 h; (d) CuZn30 96 h; (e) CuZn37 pristine; (f) CuZn 37 1 h; (g) CuZn37 24 h; (h) 




5.1.2 Cast bulk speciments (CuZn26 and CuZn15) 
The CuZn26 and CuZn15 were fabricated by casting process at the ETH Zurich. 
Only the edge of the sample, which was the equiaxed zone [304], was studied to 
prevent unexpected morphology artefacts, potentially generated from the shrinking of 
the pores in the centre of the foil. The overall thickness of these samples was 2 ~ 3 mm 
and the samples were mounted within resin when the surface was polished (Section 
2.2.1). 
To avoid generating any difference from the de-alloying process, both pristine 
alloys were put into the same beaker, and de-alloyed under the same processing 
conditions for up to 24 h. The SE images of the final de-alloyed surfaces are shown in 
Figure 5.2. The longitudinal traces across the surface of the pristine samples were 
generated from polishing the samples during sample preparation (Section 2.2.1.3).  
After 1 h, the surface of the de-alloyed cast samples was fully covered by particle-
liked precipitates, similar to the surface of these de-alloyed rolled foils. The size of the 
precipitates was however more homogeneous on the order of 50 nm. The polishing 
traces did not lead to a strong distribution or concentration of precipitations across the 
de-alloyed cast sample as visible across the de-alloyed rolled foils.  
The difference in surface morphology between the two samples with different 
compositions was still not distinguishable after 24 h. Interestingly, the precipitation of 
Cu led to a new morphology, with randomly stacked rods, which had not been reported 
for either rolled foils or alloy leaves. The length of the rod was approximately 400 ~ 
600 nm, while their diameter was approximately 50 ~ 70 nm. The new morphology 
has not been obtained across the previous experiments during this project. The CuO 
nanorods could be achieved in aqueous solution with pH around 12.5 [324]. Therefore, 
it could be assumed that random stacked CuO rods were formed due to the 
contamination of etching solution. The pH of the etching solution had decreased due 
to the solubilisation of the mounting resin, which was not removed before the de-
alloying test. The EDS analysis has shown that the surface of samples de-alloyed for 
24 h (Figure 5.2 (c) and (g)) contains unexpected elements, such as Si and Al (Table 




etching solution. These results imply that the condition of etching solution has a 
significant impact on the morphology of CuO precipitates than the composition of the 
pristine alloy. 
 
Figure 5.2 Comparison of morphologies of the de-alloyed samples formed from 
CuZn15 casting bulk and CuZn26 casting bulk. (a) CuZn15 pristine; (b) CuZn15 1 h; 
(c) CuZn15 24 h; (d) CuZn26 pristine; (e) CuZn26 1 h; (f) CuZn26 24 h. De-alloyed 
with 1 M NaOH at room temperature 
 
5.1.3 Discussion 
In the case of the rolled foils, the ratio of Zn to Cu was increased by about 25 % 
between the two investigated pristine samples, namely from CuZn30 to CuZn37. In 
the case of the pristine casting alloys, the ratio of Zn to Cu was therefore doubled from 
CuZn15 to CuZn26. The variation in final de-alloying morphology did not correlate 
with the differences in alloy composition. For these two comparisons, the samples with 
higher Zn contents presented more homogeneous precipitate distributions than the 
samples prepared with lower Zn contents for short de-alloying conditions. These 
differences were however reduced for longer durations (Figure 5.1 (c) and (g)) and the 
morphology of the de-alloyed samples tended to be similar for extended durations of 




a. the change in composition of pristine materials can lead to a transient 
difference in the morphology of de-alloyed samples, and also  
b. the surface of de-alloyed samples over-exposed to the etching solution was 
completely covered by the precipitates of CuO. 
In Section 5.1.1, different morphologies for both alloy compositions were 
evidenced for less than 24 h of treatment (Figure 5.1 (b), (c), (f) and (g)). Specifically, 
the surface of the CuZn30 samples exhibited the distribution of long thick precipitates 
along the rolling direction, while uniform and more homogeneously distributed 
precipitates across the surface were found for the CuZn37. This phenomenon 
suggested that the increase in Zn content for the Cu-Zn alloy would lead to smaller 
precipitates with a narrow range of size distribution. 
The Zn was preferentially etched when both Cu and Zn were exposed to the etching 
solution. However, the de-alloying of Zn for the Cu-Zn alloy requires an infinite 
cluster of Zn and enough divacancies for transferring Zn atoms from the matrix to the 
surface of material [205]. Therefore, the Zn could not be completely de-alloyed if its 
content was not high enough to reach an infinite cluster. This critical value of Zn 
composition is the so called ‘parting limit’ of Zn in Cu-Zn alloy [205], which was 
calculated and estimated at approximately 20 at. % [192]. Thus, the Zn content within 
the CuZn37 has theoretically more opportunities to form infinite clusters than that of 
CuZn30. Relatively, the Cu content would be etched when the Zn content was trapped 
in the matrix in chemical de-alloying (CH4). As a result, the Cu content of the CuZn30 
will have more chance to get involved into the de-alloying process than that of CuZn37 
and therefore should generate relatively larger precipitates. The same variation was 
also exhibited in the comparison of CuZn15 and CuZn26.  
The ligament size of the CuO precipitates for both alloys CuZn30 and CuZn37 
investigated in Section 5.1.1, was on the order of 100 nm. However, according to the 
results of Chapter 4, more than one porous layers could potentially be formed upon 
exposing the samples to the etching solution for a duration longer than 12 h. The 
morphology of each layer was therefore found to be slightly different (Figure 4.7). The 




compare since the SE images of two alloys (Figure 5.1 (d) and (h)) might be taken 
from the porous layer with different sequence number, such as the first layer and the 
second layer. On the other hand, the whole surface of both casting samples did not 
present any defects or apparent cracks after de-alloying and was on the same level with 
the surface of the mounted resin. It indicates that these randomly stacked rods of CuO 
precipitates on the surface of same de-alloyed for 24 h (Figure 5.2 (c) and (f)) were 
developed from the particle-liked precipitates on samples de-alloyed for 1 h (Figure 
5.2 (b) and (e)). In other words, the coalesced precipitates of CuZn26 and 
inhomogeneous precipitates of CuZn15 formed similar morphologies as the de-alloyed 
rolled foils (CuZn30 and CuZn37) do. The similarity between the branched structures 
of CuZn30 and CuZn37 (rolled foil) and the random stacked rod structures for CuZn15 
and CuZn26 (casting alloy) indicates that the development/growth of ligament of de-
alloyed porous structure primarily was correlated to the environment of the de-alloying 
process rather than pristine material. The summarized table for comparing amongst 
different composition of pristine materials are shown in Table 5.1. 
Table 5.1 Comparison of brass alloys used in this section 
Alloy CuZn15 CuZn26 CuZn30 CuZn37 
Cu (at.%) 85.36 74.55 70.60 63.66 
Zn (at.%) 14.64 25.45 29.40 36.34 
Zn/Cu (%) 17.15 34.14 41.64 57.08 
rolling   x x 
casting x x   
Type of precipitates rod stack branch 
Ligament size (nm) 50 ~ 70 ~100 nm 
 
In conclusion, adjusting the composition of the material may lead to different 
surface morphologies after short-term de-alloying. All the alloys used in this project 
are single-phase alloys. The impact of phase composition has yet to be investigated, 
and the different activities amongst the different phases may lead to a local variation 
of pore formation or kinetics of de-alloying corresponding to the phase distribution. 




the difference of morphology between the cast alloy and the rolled alloy are related to 
the microstructure of the matrix, which will be presented and discussed in the 
following section.  
 
5.2 Impact of grain size on the de-alloying mechanism 
The impact of the grain size across the pristine samples on the de-alloying process 
is directly related to the grain boundaries since the more amorphous domains are the 
first area where etching occurs due to the looser packing of atoms [325]. The packing 
of atoms in grain boundaries is looser due to the misorientations between neighbouring 
grains. These boundaries are critical to explain electrical and thermal conductivities, 
as well as the mechanical properties of alloyed materials [326]. The volume faction of 
grain boundaries can be measured by indirect or direct methods [327, 328].  In our 
case, the volume of grain boundaries was estimated through the grains size since the 
volume of grain boundaries is inversely proportional to the overall grain volume 
distribution [328].  
 
5.2.1 Commercial CuZn30 rolled foil 
The heat treatment of CuZn30 rolled foil was executed at different temperatures in 
N2 and Ar atmospheres to evaluate the impact of the final grain size and distribution 
on the morphology of the de-alloyed samples. The dwelling temperatures were 200 
°C, 400 °C, and 600 °C. As shown in Figure 5.3, although the grain size increased after 
heat treatment, the surface of the samples changed due to the formation of a thin oxide 
layer (Supplementary Material I.3: Thermal treatment), which was positively 
correlated to the dezincification of heat treated material. The Zn atoms diffused 
towards the surface of the samples during the heat treatment process, to either form a 
ZnO layer or disparate precipitates across the surface (Figure SII.17). The thickness of 
the ZnO layer may be correlated to the heating temperature and the dwelling time of 
the treatments (Figure SI.5). Especially for the samples that was heat treated at 600 °C 




of ZnO covering the surface of samples (Figure SII.18). Meanwhile, the residual Cu 
has a bi-continuous porous structure on the surface which was similar to the de-alloyed 
structure (Figure 5.3 (c)). The thickness of residual Cu layer was just a few microns 
which did not penetrate the sample. The separation of Cu and Zn may be due to the 
affinity of Zn and O [289]. This phenomenon has induced a physical de-alloying 
process - thermal de-alloying - as a potential de-alloying method to fabricate the nano-




Figure 5.3 SE image of heat treated sample. (a) Untreated pristine sample. (b) The 
pristine sample treated at 400 °C for 2 h. (c) Pristine sample treated at 600 °C for 2 h 
of dwelling time 
 
Heat treatments in this project were performed to coarsen the grains without 
significantly affecting the composition of the alloys. Therefore, the CuZn30 rolled 
foils were heated up to 400 °C and dwelled for 2 h, prior to cooling within the furnace. 
The whole treatement was processed under Ar atmosphere.  
The EBSD map of the heat treated CuZn30 is shown in Figure 5.4. Comparing with 
the EBSD mapping of pristine CuZn30 rolled foil (Figure 3.13 and 3.14) shown in 
Section 3.2.1, the grains of treated CuZn30 have significantly been coarsened from 




   
Figure 5.4 EBSD map of the heat treated CuZn30 rolled foil. (a) orientation mapping. 
(b) statistics of grain size. Heat treatment condition: heated to 400 °C in 10 min and 
dwelled for 2 h then cooled with furnace in Ar atmosphere 
 
The SE images of de-alloyed CuZn30 samples that were untreated and heat treated 
for up to 2 h are shown in Figure 5.5. In the previous results (Figure 5.1 (c)), the 24 h 
de-alloyed samples exhibited a fragmental surface. The adjacent coarsened 
precipitates have merged and formed irregular ligaments and pores. These fragmental 
surfaces were converted into porous frameworks with branches after 72 h of de-
alloying duration. The morphology of the thermally de-alloyed heat treated samples 
was found to be homogenous. Nano-porous frameworks with uniform ligaments and 
pores rather than irregular precipitates and pores were formed (Figure 5.5 (c) and (d)). 
The ligament size was smaller than 20 nm in diameter while the pores were 
approximately of 80 ~ 100 nm in diameter. In addition, this nano-porous framework 
exhibited a bi-continuous porous structure.  
The SE image at low magnification indicated that the grooves formed used to be 
the grain boundaries. In addition, the cross-section view showed that the depth of these 
grooves is extremely short and less than 100 nm (cross-section views in Figure SII.26 
(a)). After 72 h, the morphology of the de-alloyed samples after heat treatment did not 
however present significant changes, besides few micron size holes appearing across 






Figure 5.5 Comparison of de-alloying morphologies achieved from pristine CuZn30 
rolled foil (a) 24 h; (b) 72 h; and heat treated CuZn30 foil (c) after 24 h, (d) or 72 h of 
de-alloying 
 
5.2.2 Lab-made sputtered CuZn26 thin film 
The CuZn26 sputtered films, fabricated by sputtering (Section 2.1.2.1), were heat 
treated at 400 °C in Ar atmosphere for 2 h then cooled with the furnace. Since the 
thickness of sputtered film was only 1 μm, the film was sealed into a quartz tube filled 
with Ar. Before characterizing, the annealed film was polished with a broad ion beam 
(Section 2.2.1.5) to remove the oxide layer on the top of the sample.  
The average grain size was approximately increased by 2-folds after heat treatment, 
from 90 to 200 nm (Figure 5.6). The as-deposited and annealed samples were then de-
alloyed with 1 M NaOH at 20 °C for 30 min. The Si substrate below the sputtered film 




330]. The etching rate of Si in NaOH is approximately 0.04~0.06 μm·min-1 [331], 
while the growth rate of CuO is only approximately 0.0003 μm·min-1. In this case, 
short-term de-alloying process (30 min) was used for evaluating the impact of grain 
size on CuZn26 sputtered films in order to limit the affection of Si contamination. 
 
 
Figure 5.6 EBSD map of the annealed CuZn26 sputtered film. (a) orientation mapping. 
(b) statistics of grain size. Heat treatment condition: heated to 400 °C in 10 min and 
dwelled for 2 h then cooling with furnace in Ar atmosphere 
 
The SE images of de-alloyed deposit films are shown in Figure 5.7. After 10 min 
of etching, particle-liked precipitates formed across the surface of de-alloyed samples. 
On the as-deposited film, most of the precipitates were cubic of approximately 80 ~ 
90 nm in size as evaluated from the SE image. On the annealed film, the precipitates 
were irregular particles of 50 ~ 150 nm (evaluated from SE image and the value 
corresponding to the maximum length across particles). After 30 min of de-alloying 
on the annealed samples, larger precipitates of approximately 300 nm were formed 
while on the de-alloyed as-deposit samples, the size of the precipitates had hardly 






Figure 5.7 Comparison of de-alloying morphologies achieved from as-deposit CuZn26 
thin film (a) 10 min (b) 30 min, and heat treated CuZn26 thin film (c) 10 min, (d) 30 
min 
 
The size and distribution of the precipitates across both films (as-deposited and 
annealed) were very similar to their original grain size and distribution, respectively. 
It is speculated that the intergranular corrosion process is the main process occurring 
within the first 10 min of de-alloying treatment. During intergranular corrosion, the 
etching solution will attack the inter-grain boundaries and invade into the interior of 
material [332].  The granular precipitates across the surface in this case were the 
mixture of CuO precipitates and of pristine material (CuZn26), which is different to 
the previously investigated cases (Section 5.2.1) where only CuO was formed. In terms 
of preferential etching of grain boundaries, the de-alloyed as-deposited film shall be 
etched more strongly than the de-alloyed annealed film, which was well matched with 
the SE images of de-alloyed samples (Figure 5.7 (a) and (c)). The apparently coarsened 




de-alloyed annealed film has more CuO precipitates than the as-deposited film de-
alloyed for 30 min, which surface was hardly changed. The most probable reason for 
the limited change in the surface topography of the de-alloyed as-deposited film is that  
a. The intergranular corrosion remained the main process after 30 min of 
etching since the size of particle-liked precipitates was close to the average 
grain size of the as-deposited film. The concentration polarisation was 
therefore not strong enough to activate the precipitation sub-process.  
b. Alternatively, the dissolution of Zn does not require the dissolution of Cu to 
open the channels for exposing Zn atoms to the etching solution due to very 




The grain size of the CuZn30 rolled foils and CuZn26 sputtered films after heat 
treatment was increased by roughly 10 times and 2 times, respectively. In the case of 
the rolled foils, the heat treated de-alloyed samples presented a porous framework with 
homogenous pores and ligaments after de-alloying, while the untreated de-alloyed 
samples were full of particle-liked precipitates with nano-structure (CH4). The etching 
rate of the de-alloying process was most likely slowed down after heat treatment due 
to the grain coarsening. The morphology of de-alloyed heat treated samples after 24 h 
duration was indeed closer to the structure which can be achieved with an untreated 
sample after 96 h of de-alloying. It is suggested that the de-alloying process could have 
been accelerated in this case due to the change in grain size distribution. However, the 
comparison between the as-deposited and annealed CuZn26 films revealed that the 
coarsened grains likely presented slower etching rate due to the suppression of 
intergranular corrosion behaviour since the surface of de-alloyed annealed samples 
presented a less rough texture compared to the de-alloyed as-deposited sample.  
This phenomenon may be related to the preferential etching of grain boundaries. 




process, the precipitation process was not clearly altered by the grain boundaries 
changes. The strong etching process may break the surface and generate more channels 
for solution diffusion and back-diffusion of the dissolved metal ions, which may have 
suppressed the formation of concentration polarisation. Therefore, the formation of an 
ideal porous structure on heat treated sample was found to be quicker than that 
achieved for the pristine non-treated samples.  
The results have proved the effect of grain size (volume of grain boundaries), which 
can potentially improve the de-alloying efficiency. The formation of the de-alloyed 
porous structure will benefit from larger grain size across the pristine alloy. However, 
the grain coarsening achieved upon heat treatment is limited by the composition and 
manufacturing process of the pristine alloy [333]. In principle, the grain coarsening is 
related to Ostwald rippening of small grains by the larger grains. For the materials with 
homogenous grain size, such as deposited film, the heat treatment therefore did not 
strongly lead to grain coarsening. Therefore, the improvement of the de-alloying 
efficiency by coarsening the grain size with heat treatment can be regarded as a viable 
option, but this option is premised on the pristine material manufactured by a proper 
method.  
 
5.3 Impact of grain orientation on the de-alloying process 
The grain orientation of the pristine materials was not previously considered as a 
critical parameter impacting the morphology of de-alloyed porous materials [240]. 
However, as reported for corrosion of metals, specific grains with different 
orientations may offer preferential etching [36, 334, 335]. In Chapter 4, the Cu-Zn 
chemical de-alloying process was regarded as a combination of etching and 
precipitation. Therefore, the etching sub-process occurring during de-alloying may 
also be impacted by the grain orientation as happening during normal corrosion.  
The impact of the orientation was not examined so far in this thesis, and the de-
alloyed surfaces presented the same morphology regardless of the grain orientation 
evaluated from EBSD analysis (Figure 5.2) or if correlated to the surface texture 




Based on the results in Section 5.2, reducing the volume fraction of grain 
boundaries may slow down the etching process, allowing for controlling the impact of 
different orientations before the process reaches a steady plateau. On the other hand, 
the impact of preferential orientations is far less important than the grain boundaries 
volume ratio since, otherwise, the different morphologies generated by the preferential 
orientations investigated in the previous section would lead to very different kinetics 
or at least morphologies, which was not evidenced in the present study. Therefore, a 
large grain is theoretically essential to investigate the impact of the grain orientation 
on the kinetics and preferential de-alloying process.     
The samples studied in this Section were formed and characterized in Chapter 3 and 
were coarse grains found in a CuZn26 casting bulk alloy which was cut to reveal 
specific directions. The casting bulk alloy has been separated into 3 pieces: α, β and γ 
(Figure CH3), whose orientations were individually characterized by EBSD and are 
shown in Figure 5.8 (a) and (b). The samples were then mounted with a conductive 
resin to ensure the conductivity of sample for long-term analysis by EBSD, and in 
essence to prevent charging. The mounted sample was directly dipped into the etching 
solution and de-alloyed with 1 M NaOH at room temperature (20 °C) for up to 5 h. 
Images of the sample surface were acquired after 10 min, 1 h and 5 h of the de-alloying 
process. The characterization of the de-alloyed surface was used “in-position method” 
(CH2), which means that the characterized areas were always the same area. The SE 
images were used to evaluate the morphology of the de-alloyed samples and to 





Figure 5.8 The comparison among the samples α, β, and γ. (a) index of orientation, (b) 
inverse of pole figure, (c) SE images. Characterized areas were figured out by black 
squares 
 
The SE images of the pristine and de-alloyed samples are shown in Figure 5.9. The 
polishing traces can be found across the surface on the pristine morphology of each 
sample. These traces were disappeared after de-alloying for 10 min and replaced by a 
rough surface with precipitates. The γ-orientation {16 15 16} exhibited the roughest 
surface, followed by the β-orientation {16 7 18} and then α-orientation {20 1 22}. The 
bright particles on the SE images of de-alloyed CuZn26 were the precipitates of copper 
oxides, which were the representation of de-alloying progressing as discussed in 
Chapter 4. These precipitates were coarsened in size and increased in number with 
process progressing. After 1 h of de-alloying, the difference demonstrated across the 
sample-orientations for 10 min of treatment had disappeared. The surface of each 
sample was covered by coarsened cubic precipitates, which sizes were approximately 
of 50~60 nm. The precipitates kept coarsening to approximately 100 nm and changed 
shape from cubic to octahedral after 5 h of de-alloying, which was attributed to 





Figure 5.9 The comparison among the samples α {20 1 22}, β {16 7 18}, and γ {16 15 
16} grains with SE images of the pristine samples and after de-alloying for 10 min, 1h 
and 5h  
 
In previous researches related to standard corrosion on Cu and Zn, the preferential 
plane for etching is the atomic plane with the closest packing density, {111} plane in 
FCC. The inter-planar spacing between two dense planes is then the largest [336, 337]. 
In our case, the inter-planar spacing (S) of sample α, β and γ presents a relationship as 




progress (P) of the sample α, β and γ, estimated by the precipitates of the surface 
(Figure 5.9, 10 min), presents the same order as inter-planar spacing that: Pγ>Pβ>Pα. 
These results indicate that the etching solution should prefer to attack the crystal 
direction with the largest inter-planar spacing. In other words, the priority of crystal 
direction of de-alloying for the Cu-Zn alloys should be the same with normal 
corrosion.  
Although the sample γ has generated significant precipitates on its surface after 10 
min of de-alloying, the other two samples were found to be almost flat with little 
roughness. This effect was however not maintained for longer de-alloying beyond 1 h. 
This trend confirmed that the surface morphology of the de-alloyed samples was 
mainly dependant on the formation of precipitates during the de-alloying process, and 
that the precipitation sub-process appeared to be relatively independent from the 
etching sub-process (Section 4.5).  
Interestingly, the precipitates of copper oxides across the de-alloyed surface were 
cubic particles after 1 h, and then transformed into octahedral particles at 5 h. Both 
cubic and octahedral geometries correspond to the shape of copper oxide crystals [338, 
339], and can be formed in an alkali solution. The mechanism and kinetics of the 
formation of octahedral CuO were however not clear in literature [83]. The formation 
of octahedral CuO typically requires the support of seeding-precursor, such as polymer 
additives including Poly-vinylidene Fluoride [83] or Polyvinyl Pyrrolidone [340]. In 
our case, besides the mounted resin made of the Cu and mineral filled epoxy, the 
residual of carbon tape and silver paste, which used for improving the conductivity of 
the sample, could bring polymer contaminants into the etching solution, then impact 
the coarsening/growth of CuO precipitates. The octahedral CuO precipitates may 
develop into stacked rods, with similar morphologies as shown in Figure 5.2 (c) and 
(g), for prolonged etching duration to 24 h as for cast sample in Section 5.1.2 
In summary, the impact of the grain orientation on the Cu-Zn de-alloying process 
was found to be important only during the very early period of the de-alloying process. 
This impact was so negligible that it would be cancelled by the following precipitation 




the grain orientation of the pristine material unless the precipitation of copper oxide 
was strongly suppressed. 
 
5.4 Summary 
This chapter investigated the impact of the microstructure of pristine material on 
the final morphology of the de-alloyed materials. The microstructural parameters of 
the pristine materials included the composition, grain size, and grain orientation. 
Generally, the different microstructure parameters of the pristine material may lead to 
various de-alloyed morphologies. However, the morphology of the de-alloyed samples 
will always converge for long de-alloying durations to similar morphology, where 
homogenous nano-ligaments and nano-pores predominate. 
Specifically, increasing the Zn content, which is the sacrificial phase across the Cu-
Zn alloy, can lead to better de-alloyed morphologies with more homogeneous and 
regular pores compared to low Zn contents. However, this advantage will be reduced 
with process progressing until the same morphology as that expected for lower Zn 
contents is achieved, at longer de-alloying durations. Changing the grain size was 
equivalent to changing the volume ratio of inter-grain boundaries which significantly 
affected the progress of the de-alloying process. The heat treated rolled foils with ɸ10 
μm grain led to uniform pores and ligaments compared to that obtained for the pristine 
rolled foils, while the progress of de-alloying process on the annealed sputtered 
CuZn26 film was found to be slower than that of as-deposited film. The impact of the 
grain orientation on the de-alloying process is therefore similar to the impact of grain 
orientation during standard corrosion mechanisms since the etching solution will 
preferentially attack the planes with larger inter-planar space. Similarly, the difference 
brought by these preferences disappeared for longer etching durations. 
The different pristine material altered de-alloying kinetics of Cu-Zn alloy system. 
However, the final de-alloyed morphology, which mainly depended on the copper 
oxide precipitates, was hardly impacted. These phenomena indicate that the etching 




de-alloying process as concluded in Chapter 4. Therefore, adjusting the pristine 
material can only affect the etching rate, while adjusting the de-alloying conditions 
can affect both etching and precipitation.  
Indeed, the pristine material can indirectly affect the secondary structure (the 
primary structure is here referred to the pores and ligaments) of the final de-alloyed 
morphology by altering the etching rate (grain size and grain boundary dependence) 
or preferential etching area (grain orientation and composition). However, a similar 
de-alloyed porous framework will always be achieved after a long enough duration 






Chapter 6  Novel techniques to enhance the de-
alloying mechanisms 
   
In Chapter 5, it was found that the microstructure of the pristine alloys primarily 
affected the kinetics of de-alloying rather than the morphology of the porous structure. 
A strong correlation between the microstructure and the precipitation of CuO upon de-
alloying was revealed and discussed in light of the process parameters and the 
concentration polarization generated across the pores upon metal ions etching. The 
morphology of de-alloyed Cu-Zn alloy may therefore be theoretically adjusted by 
reducing the precipitation of CuO.  
This chapter will modify the final morphology of de-alloyed metal materials. Four 
main routes will be investigated:  
(i) the precipitation of CuO will be suppressed upon the application of a strong 
shear flow during the process;  
(ii) the surface morphology will be altered by controlling the passivation of the 
material upon application of an electrical potential on the pristine alloy to 
impact the dissolution of Cu;  
(iii) an sonication assisted de-alloying process will be employed to simultaneously 
promote pore formation and reduce surface precipitation; and 
(iv) rather different from the previous sections of this work, a low pressure, 
thermal de-alloying process will be explored and presented.  
The different techniques will eventually be compared aiming at further enhancing 




6.1 Sustaining de-alloying with shear-flow 
As described in Chapter 4 (section 2.4.1), mechanical stirring was used in the 
conventional de-alloying processes to homogenize the etching solution during the de-
alloying process. However, mechanical stirring may hardly affect the surface of the 
sample due to the ~1:4000 sample to etching solution volume ratio. In addition, the 
shape of the metal sheet does not favour the generation of turbulent flow regimes 
which may help reduce scaling and precipitation. Dissolved materials generated from 
the etched surface may therefore limit the diffusion capability from the pores from the 
high concentration gradient within the shear surface layer, thus thermodynamically 
limiting the kinetics of the process over time.  
In this section, a new de-alloying process was designed in which the etching 
solution was pumped by a peristaltic pump to directly wash the surface of the sample 
(Figure 2.9). The dissolved material was washed away readily by the shear flow of the 
etching solution recirculated across the surface of the sample upon diffusing from 
surface of the sample. Although the concentration inside the pores cannot be controlled 
and reduced, due to the permanent solubilization process and to geometrical hindrance 
within such confined volumes, the etching process could be affected by the permanent 
removal of the metal ions. The morphology of de-alloyed samples was therefore 
altered due to the suppression of the precipitation of CuO.  
Besides the conventional setting presented in Chapter 4 which has been used as a 
reference system, the shear-flow setting was set according to the way the circulation 
of the etching solution was configured. In the first configuration, the etching solution 
that was stored in the beaker with mechanical stirring was pumped with a peristaltic 
pump to a reactor rig to contact with the sample, prior to being recirculated back to the 
storage beaker (Figure 2.9 (a)). In the second configuration, the etching solution was 
directly drained to a waste bottle after contacting with sample in the rig and was 
therefore not recirculated (Figure 2.9 (b)). The comparison of these two configurations 
allowed for an estimation of the direct impact of the dissolved ions concentration on 




Two flow speeds, at 20 and 72 mL·min-1 were used in the ‘shear-flow’ de-alloying 
test. The list of samples is shown in Table 6.1. Mechanical stirring was always applied 
to the reservoir of etching solution to ensure homogenization. 








A (I) recirculated 20 
80 
B (II) non-recirculated 20 
C (I) recirculated 72 
D (II) non-recirculated 72 
E* N/A N/A 
* Reference, conventional chemical de-alloying 
Figure 6.1 shows the SE images of the samples de-alloyed with 1 M NaOH at room 
temperature (20 ºC) for 1 h in ‘shear-flow’ configuration, as well as the reference 
sample de-alloyed with the same conditions with the conventional chemical de-
alloying process presented in Chapter 5. The Figure 6.2 shows the statistical data for 
the precipitates across the surface of the samples shown in Figure 6.1, analysed from 
the SE images with ImageJ. The analysis includes the mean diameter, quantitative 
density of precipitates and the surface area covered by precipitates.  
With the ‘shear-flow’ configuration, the results were divided into two parts 
according to the flow speed, at 20 and 72 mL·min-1, respectively. At 20 mL·min-1, the 




estimated approximately at 129.6 ± 8.8 nm, while the sample B (non-recirculated) 
presented a relative large size distribution, estimated approximately around 170.9 ± 
26.1 nm. In addition, from recirculated mode to non-recirculated mode with flow rate 
of 20 mL·min-1, the density of precipitates covering the surface decreased form ~15 
μm-2 to ~10 μm-2 so relatively from 52.89% to 49.58, respectively. Upon increasing 
the flow speed to 72 mL·min-1, the samples however presented different trends. The 
size of the precipitates across sample C (recirculated), was estimated at 142.4 ±19.8 
nm, that was larger compared to that of the 20 mL·min-1. However, the precipitates 
across sample D (non-recirculated), estimated approximately at 66.2 ± 5 nm, were 
smaller and narrower than that of sample C (recirculated) and sample B (non-
recirculated, 20 mL·min-1). Similarly, as for the above conditions, from recirculated 
solution to non-recirculated solution with flow rate of 72 mL·min-1, the non-
recirculated mode led to a decrease of the density of precipitates across the surface 
form ~10 μm-2 to ~8 μm-2 corresponding to a relative change from 49.88% to 28.95%, 
respectively. Meanwhile, the increase of flow speed also led to a decrease of the 
density of precipitates covering the surface. The precipitates across the reference 
sample exhibited a much larger average size and size distribution range, estimated 
approximately around 417.7±78.3 nm. These large precipitates covered about 56.64% 
of surface area with distribution density of approximately 10 μm-2. Generally, the de-
alloying process with a ‘shear-flow’ configuration led to precipitates with a smaller 
size distribution, smaller surface but to a higher density compared to the conventional 
process.   
 





Figure 6.1 Comparison of SE images amongst the sample A (I, 20 mL·min-1), sample B (II, 20 mL·min-1), sample C (I, 72 mL·min-1), sample D (II, 
72 mL·min-1) and sample E (reference). The graph F shows the surface of pristine sample. The de-alloyed conditions were 1 M NaOH at room 






Figure 6.2  (a) The average diameter of the precipitates across each sample; (b) the statistic density of precipitates on the surface of 





Figure 6.3 shows the cross-sectional view of each sample de-alloyed with ‘shear-
flow’ configuration. The ‘shear-flow’ system led to a nearly 50% increase in pore 
penetration from 0.87 μm for the reference (Figure 4.9), to 1.25 μm for these tests. 
Benchmark testings were performed by recirculating the solution in order to assess the 
impact of solely surface shear flow on the pore penetration. As seen in Figure 6.3 (e) 
and (g), the penetration depth of the de-alloying pores was statistically similar to those 
of the reference, clearly highlighting the benefit of the non-recirculated ‘shear-flow’. 
However, at a high surface shear rate, as shown in Figure 6.3 (d), the surface of the 
sample was found to crack. This was not attributed directly to the shear flow but to the 
fact that copper was etched faster with higher flow speed [40], in which Cu ions were 
not provided quickly enough to precipitate on the surface of material. The Cu were 
thus directly flushed from the surface limiting the efficiency of the de-alloying process 








Figure 6.3 Comparison of SE images amongst the (a) sample A (I, 20 mL·min-1), (b) sample B (II, 20 mL·min-1), (c) sample C (I, 72 
mL·min-1), (d) sample D (II, 72 mL·min-1) and their cross-sectional view (e) ~ (h), respectively. De-alloyed conditions were 1 M NaOH 




In Chapter 4, the precipitation of CuO was shown to be correlated to the 
concentration polarisation of the dissolved materials within the de-alloyed pores. The 
smaller size of the precipitates is a proof of the reduction of the concentration 
polarisation. Therefore, the increase of the penetration depth was due to the enhanced 
etching sub-process. This aspect is illustrated in Figure 6.3 (d) with Sample D (non-
recirculated, 72 mL·min-1) since the fresh etching solution did not contain any 
dissolved material as opposed to the recirculated etching solution system, and always 
took as much dissolved material as it could, in pseudo-isostatic conditions. On the 
other hand, the dissolved materials generated during the recirculating experiment will 
accumulate with the process progressing since the dissolved materials were transferred 
to the reservoir of etching solution rather than drained to a waste container. The 
difference of surface roughness and topography between sample C (Figure 6.3 (c), 
recirculated, 72 mL·min-1) and the reference sample was therefore attributed to the 
impact of the shear flow. It indicates that the impact of ‘shear-flow’ on the diffusion 
of the dissolved materials was greater than the impact of the stirring force.  
The Reynolds number (Re) for our rig was approximately 8.4 ×10-4 and 3×10-3 
when the flow speed was 20 mL·min-1 and 72 mL·min-1, respectively.  The 
requirement of laminar flow is Re ≤ 10 [341]. Therefore, the flow of the etching 
solution was always laminar at both flow speeds, making the comparison between 
these two conditions more straightforward. A turbulent flow would potentially take 
over more dissolved materials [342] and potentially erode the material [40]. In 
summary, de-alloying with the ‘shear-flow’ configuration significantly reduced the 
average size of the precipitates across the surface of the de-alloyed samples, compared 
to the conventional de-alloying process. This indicates that the shear flow has truly 
improved the diffusion of the dissolved material. This effect was increased with flow 
speed increasing.  
Although the precipitation of CuO was suspended, regardless of the impact of 
increasing flow speed or through using continuously fresh solution, the precipitation 
was not completely stopped which might be due to the laminar flow condition [343]. 
The boundary layer of laminar flow had a very slow velocity due to the viscosity of 
etching solution, which supplied a relatively stable environment for the precipitation 




increased [343] (Figure 6.4 (a)). Thus, increasing flow speed shall theoretically have 
some impact on the performance of the system depending on if the solution is 
recirculated or not. With the recirculated etching solution, the dissolved material was 
flushed away with the shear-flow and would however return and precipitate on the 
surface of sample, while the high flow speed may increase the growth rate of 
precipitates [344]. On the other hand, the dissolved materials, which did not 
precipitate, were drained with the etching solution in the non-recirculated setting. 
Therefore, increasing flow speed led to larger precipitates on the surface of the sample 
de-alloyed with the recirculated etching solution [344] and the erosion of the surface 
of the sample de-alloyed with non-recirculated etching solution [345].  
 
 
Figure 6.4 (a) Schematic of the surface layer velocity at different flow speed. The T 
represents the available thickness of the layer which may precipitate. (b) Schematic of 
dissolved material return and precipitation on the surface with re-circulated solution. 





The participation of O2 was essential for the de-alloying process in alkali since both 
Cu and Zn were oxidised during the de-alloying process. In this case, the difference 
between the de-alloyed samples de-alloyed with recirculated and non-recirculated 
solution may potentially be affected by the amount O2 of the etching solution. 
However, this project has not considered the oxygen content in the etching solution 
since the on-line detection of oxygen in etching solution was a difficult challenge. As 
an alternative, the etching solution was opened to the environment during the 
experiment with strong mechanical stirring, and the volume of etching solution was 
much larger than the essential volume (2 L for 20 mL·min-1, 8L for 72 mL·min-1) to 
consider the levels close to that of O2 dissolution at room temperature. The result of a 
preliminary test, whereby gas was pumped into the etching solution while the de-
alloying processing occurred, indicated that the air might limit the progress of the de-
alloying process (Supplementary material I.4 pumping gas into the etching solution 
while de-alloying) potentially due to an over-feeding of oxidative gas. Therefore, the 
O2 content of etching solution was not taken as an impact factor in this experiment. 
In summary, the de-alloying process with the ‘shear-flow’ process can relieve the 
concentration polarisation of dissolved materials which led to the formation of 
precipitates with smaller size and narrower size distribution. However, shear flow has 
also suppressed the precipitation of the CuO, generated during the Cu-Zn de-alloying 
process. Therefore, the de-alloying with the ‘shear flow’ process may be considered 
as a promising method to enhance the etching sub-process of de-alloying process. For 
example, alternating the de-alloying with non-recirculated solution and with 
recirculated solution may reduce the duration of each critical period (Figure 4.32). 
Using non-recirculated setting to enhance the etching sub-process at the beginning 
prior to alternating to a recirculated setting to build the porous framework sequentially, 
may favour the formation of the nano-porous layers and enhance the diffusion of 
dissolved material within the porous structure. The morphology of the de-alloyed 
porous framework should be significantly impacted by the flow speed and the interval 






6.2 De-alloying with cathode protection 
One of the conclusions made in Chapter 4 was that the participation of Cu was 
essential for de-alloying of Cu-Zn alloys in alkali conditions. In Section 6.1, the role 
of CuO precipitation on the formation of porous framework of de-alloyed Cu-Zn was 
confirmed by the so-called de-alloying with ‘shear-flow’ process.  
In this section, the pristine samples were protected by application of an external 
potential, while the current was limited below 30 mA, to investigate the impact of 
surface cathode protection on the selectivity of the etching process. In this section, the 
negatively charged side was set as the sample connected to the cathode (reduction), 
while the positively charged side was set as the sample connected to the anode 
(oxidation). As seen in Figure SII.5 and Table SII.3, four voltages have been selected 
to alter the de-alloying process:  
(a)  -0.4 V, where the dissolved Cu can only be converted into Cuprous oxide 
(Cu2O);  
(b)  -0.8 V, where the Cu will be completely protected;  
(c)  -1.5 V, where the sample will be protected from etching by the solution; and  
(d)  1.5 V, where the sample will not be protected and the process may be 
accelerated by the electric field.  
The condition (d) corresponds to an electro-chemical de-alloying process, which 
was regarded as the controlled sample for these series. Reaction quotients Q [346] of 
redox reaction listed in Table S6.1 corresponding to the external potential are shown 








Table 6.2 The reaction quotient Q for Cu and Zn in alkali environment 
Half reaction 
Reaction quotient (Q)* 
E = -0.4 V E = -0.8 V E = -1.5 V E = -1.5 V 
Cu2+ + e- → Cu+ 7.19E-05 9.55E-12 8.83E-24 3.32E+28 
Cu2+ + 2e- → Cu(s) 6.82E-03 1.20E-16 1.03E-40 1.45E+63 
2Cn(s) + 2OH- → Cu2O (s) + 
H2O + 2e
- 
4.21E-02 7.44E-16 6.35E-40 8.97E+63 
Cu+ + e- → Cu(s) 1.16E+02 1.54E-05 1.42E-17 5.33E+34 
Zn(s) → Zn2+ + 2e- 2.80E+12 4.94E-02 4.22E-26 5.86E+77 
Zn(s) + 4OH- → Zn(OH)4
2- + 2e- 2.97E+27 5.24E+13 4.47E-11 6.32E+92 





6.2.1 Ex-situ de-alloying test with cathode protection 
The setting of this series of tests is presented in Section 2.4.2.4. The SE images of 
the samples are presented in Figure 6.5. The sample de-alloyed with E = -0.4 V, shown 
in Figure 6.5 (a), exhibited a morphology where micron-sized precipitates were 
aligned with the rolling direction. Interestingly, the number of precipitates decreased 
with lower external potential (greater absolute value), as well as the size of 
precipitates. At E = -1.5 V (Figure 6.5 (c)), the aligned micron sized precipitate 
disappeared. Non-conventional precipitates with polygonal shapes however appeared 
on the surface of sample de-alloyed with E = -1.5 V and -0.8 V. The contamination 
may not be related to the de-alloying process since only Zn content can be etched in 
this case (Table 6.2). The ‘contaminants’ on the surface of samples de-alloyed with E 
= -0.8 V and E = -1.5 V (Figure 6.5 (b) and (c)) were analysed by EDS mapping and 
assigned to Zn-O or Zn-O-C compounds (Figure SII.27 and SII.28), such as ZnO, 
Zn(OH)2 or (Zn5(OH)6(CO3)2·H2O) [347, 348]. The morphology of the sample de-
alloyed with E = 1.5 V, shown in Figure 6.5 (d), was similar to the sample de-alloyed 




the surface of the sample for both samples. However, the density of precipitates on the 
surface of the samples de-alloyed with an E = 1.5 V (Figure 6.5 (d)) potential exhibited 
lower length to width ratio and distribution density than that of samples de-alloyed 
with E = -0.4 V (Figure 6.5 (a)). Interestingly, few pinholes appeared randomly on the 
precipitates across the surface of sample de-alloyed with E = 1.5 V (Figure 6.5 (d), 
Figure SII.29). The appearance of pinholes does not have an apparent relationship with 
the size of precipitates and may be one of the characteristic features of the electro-






Figure 6.5 The SE images of samples de-alloyed with cathode protection. The external 
potential on sample: (a) -0.4 V, (b) -0.8 V, (c) -1.5 V, (d) 1.5 V, (e) reference, and (f) 
pristine. The test conditions for the de-alloying were set for a 1 M NaOH solution, for 
5 h at 20 °C, and without stirring. The material used for the counter electrode was 
titanium foil 
 
The composition of the samples presented in Figure 6.5 were analysed by EDS 
which is shown in Figure 6.6. The residual Zn composition, which referred to the 
relative ratio of [Zn] to ([Cu] + [Zn]), decreased with external potential increasing. At 
E = -1.5 V, the residual Zn composition of the sample was 29.6 at.%. This value, 
similar to that of the pristine material, is logical since the sample was completely 




down since the Cu was not etched to expose Zn content to etching solution at this 
condition, as mention in Section 5.1.3. At E = -0.4 V, the residual Zn composition of 
the sample was approximately 20.5 at.%, while the residual Zn composition of 
reference sample was approximately 18.4 at.% after the same duration. On the other 
hand, the controlled sample, at E = 1.5 V, exhibited almost no Zn content after de-
alloying for 5 h due to the drive of the electrical field.  
In Section 4.3.4, the composition of O was used to represent the etching of Cu since 
only CuO would precipitate on the surface of the sample de-alloyed with conventional 
chemical de-alloying process. However, some water insoluble oxides appeared on the 
surface of sample de-alloyed cathode protection (Figure 6.5 (b) and (c)). This result 
indicates that the O content was not a suitable indication of the etched Cu in this case. 
The controlled sample (at E = 1.5 V) contained approximately 48.44 at.% of O relative 
to Cu. It is worth noticing that the precipitation of copper oxides across the surface of 
the sample de-alloyed at E = 1.5 V was cuprous oxide (Cu2O) rather than cupric oxide 
(CuO) [349], as revealed by the XRD analysis shown in Figure SII.30, although the 
Table 6.2 has revealed both Cu2+ ions and Cu+ could be generated at E = 1.5 V. This 
result implied that the dissolution of Cu and Zn was accelerated due to the effect of 
the external potential. In addition, the excessive Cu accumulated across the surface of 






Figure 6.6 The EDS analysis result on the surface of the de-alloyed sample presented 
in Figure 6.5. The data of ‘0 V’ correlated to the reference sample 
 
These results proved the hypothesis of Chapter 4 that the progress of Cu-Zn de-
alloying process will be suspended due to breaking of Zn cluster [205] if the 
dissolution of Cu is suppressed. On the other hand, some complex compounds were 
generated across the surface of the samples de-alloyed with the cathodic protection. 
Disregarding these compounds, the morphology of the samples de-alloyed with the 
cathodic protection was found to be smoother with decreasing applied potential. At E 
= -1.5 V, the whole sample shall have been theoretically protected by the external 
potential. However, the surface of the samples de-alloyed at E = -1.5 V, which did not 
have the rolling traces but only precipitates, was different compared to the surface of 
the pristine sample with no potential applied. This result implied that:  
(a)  the precipitation of complex compound had altered the original morphology 
expected for the dealloyed samples, or that  
(b)  the etching process was not suppressed by the external potential due to the 
strong causticity of the etching solution, although the composition of sample 





In addition, comparing the Figure 6.5 (e) and (f), huge precipitates were generated 
across the surface of the sample de-alloyed at E = 1.5 V. Although the precipitates 
generated with the conventional de-alloying process coarsened with process duration 
increasing, the coarsened precipitates would eventually merge and convert into porous 
frameworks with branch geometries (Figure 4.6 (f)). After 5 h duration, the precipitates 
across the surface of the samples de-alloyed at E = 1.5 V were not converted to a 
porous framework or branched structure but instead grew progressively larger. 
Therefore, the etching sub-process was affected by the external potential and was 
promoted over time and higher potential. On the other hand, regarding the precipitating 
sub-process, the external potential coarsened the morphology of the de-alloyed 
samples similarly to what increasing temperature of etching solution generated in 
Section 4.3.3. 
 
6.2.2 In-situ de-alloying test with cathode protection 
In-situ SAXS tests can reveal the kinetic of the de-alloying process with cathode 
protection. The SAXS patterns corresponding to the in-situ de-alloying with cathode 
protection are displayed in Figure 6.7. The typical 2-D patterns are presented as insets 
within Figure 6.7. At E = -0.4 V, the intensity of the scattering patterns increased with 
duration increasing across the entire q range (0.002 Å ~ 0.09 Å-1). The raw scattering 
patterns hardly changed with duration increasing, at E = -0.8 V and E = -1.5 V. On the 
other hand, the controlled sample de-alloyed at E = 1.5 V presented a relatively 
significant increase of intensity at low and middle q range (q < 0.03 Å-1, equivalent 
diameter in physical space > 21 nm). These results were similar to the conditions used 
for in-situ chemical de-alloying (Section 4.4.3). The change of patterns was too limited 
to be observed due to the slow progression of Cu-Zn de-alloying process. These 
patterns were normalized as previously discussed in the Section 4.4.1.2 to more clearly 






Figure 6.7 The raw SAXS pattern of sample de-alloyed with cathode protection. The 
external potential: (a) -0.4 V, (b) -0.8 V, (c) -1.5 V and (D) 1.5 V. The blank reference 
is shown as a dashed curve. The electrolyte was 1 M NaOH, pumped by peristaltic 
pumped with flow rate < 10 mL·min-1 at 20 °C. The material of counter electrode was 
a carbon paper (MGL190, AvCarb®, US). The insert patterns are the raw 2-D SAXS 
pattern from the detector 
 
Figure 6.8 shows the normalized patterns of the samples de-alloyed in-situ with 
cathode protection, previously shown in Figure 6.7. At E = -0.4 V, the intensity of the 
pattern increased with duration increasing. However, the intensity of high q range (q 
> 0.01 Å-1, equivalent diameter in physical space < 63 nm) suddenly jumped from 1 to 
approximate 1.4 after a few minutes prior to slowly increasing to 1.7, while the 
intensity of low q range (q < 0.01 Å-1, equivalent diameter in physical space > 63 nm) 
steadily increased from 1 to approximate 1.6 over the same period of time. This result 
suggests that a number of small features appeared across the surface of the sample at 
the very early stage of the process prior to the generation of larger features, 
independent of the smaller particulates, with duration increasing. At E = -0.8 V, the 




nm) slightly levelled up. The increase in intensity, referred to the SE image of ex-situ 
de-alloyed sample (Figure 6.5 (b)), may correlate to the formation of precipitates 
aligned with the rolling direction. A similar increase in intensity was also found to 
occur across the normalized pattern for the sample at E = -1.5 V but at a lower q range 
(q < 0.006 Å-1, equivalent diameter in physical space > 104 nm). This result implies 
that the increase in intensity at low q is likely correlated to the precipitation of complex 
compounds of Zn, mentioned in the last section (Section 6.2.1). The difference 
between Figure 6.8 (b) and (c) was due to the dissolution of Zn composition at E = -
0.8 V. On the other hand, the normalized pattern of the sample de-alloyed at E – 1.5 V 
exhibited a significant peak increase and shift over the test duration (3000 s). 
Comparing this trend to Figure 4.25 at 20 ºC, the scattering knee of the sample de-
alloyed at E = 1.5 V was not just increasing the intensity with duration increasing, but 
the centre distribution also shifted from 0.02 Å-1 to 0.008 Å-1. In other words, the size 
of scattering features on the surface of sample de-alloyed at E = 1.5 V grew from ~31 
nm to ~80 nm in 3000 s. The plot (Figure SII.31) has presented the shifting trend of 
the scattered feature with duration increasing. The scattering knee of the Cu-Zn sample 
de-alloyed prepared with the conventional process however did not shift significantly 
with duration increasing in Figure 4.27 (a), which equivalent diameter increased from 
~79 nm to ~83 nm. Thus, the kinetics of Cu-Zn alloy with E = 1.5 V was enhanced 
and coarsened similarly to what was reported in Section 4.4.2 for the Au-Ag system, 
in which equivalent diameter increased from ~9 nm to ~16 nm.  
The results of in-situ tests matched well with the results obtained for the ex-situ 
tests. The in-situ SAXS patterns indicated that the generation of precipitates with 
different sizes across the surface of the samples de-alloyed at E = -0.4 V (Figure 6.5 
(a)) were relatively independent from each other. The larger precipitates across the 
surface of the samples de-alloyed at E = 1.5 V (Figure 6.5 (d)) developed from the 





Figure 6.8 Normalized SAXS reduced data for samples de-alloyed with cathodic 
protection. External potential: (a) -0.4 V, (b) -0.8 V, (c) -1.5 V and (D) 1.5 V. The 
electrolyte was 1 M NaOH, pumped by peristaltic pumped with flow rate < 10 mL·min-
1. The temperature is 20 °C. The normalized method has used the method mentioned 
in section 4.4.1.2.  
 
6.2.3 Section summary 
In this section, de-alloying with electric field, whatever suppressing or enhancing 
the dissolution of Cu, did not presented positive results that helps to form homogenous 
de-alloyed porous framework. The de-alloying process with cathode protection lead to 
a slower rate of de-alloying in the studied example of Cu-Zn. It was speculated that 
the dissolution of Zn was limited due to the break-off of the Zinc atoms cluster [205]. 
In addition, the contact between Zn and the etching solution was suspended due to the 
suppression of Cu dissolution upon external potential application. This theory is 
illustrated by the fact that the dissolution of Cu was an essential condition for the de-




The results of in-situ tests showed that the scattering feature of sample de-alloyed 
with cathode protection did not grow in size with duration increasing but increase the 
amount of scattering features, which have a similar size. On the other hand, although 
the Cu+ and Cu2+ would be generated as shown in Table 6.2, XRD analysis illustrated 
that most of the precipitates on the surface of the sample de-alloyed at E = 1.5 V was 
Cu2O. Therefore, the size increase presented in the SAXS pattern (Figure 6.8 (d)) was 
almost confirmed due to the accumulation of Cu2O. The Cu ions were hardly to 
achieve the critical concentration for precipitating as discussed in Section 4.5 since the 
concentration of Cu ions was released by the driving of electric field [351]. It indicates 
the difference of kinetics between electro-chemical de-alloying and chemical de-
alloying. The electro-chemical de-alloying has neither concentration polarisation 
under the surface of sample, nor the periodical precipitation, but the growing Cu2O 
with the effect of etchant and electric fields. In other word, the homogenous nano-
porous de-alloyed morphology perhaps was not achieved with electro-chemical de-






6.3 De-alloying assisted with ultrasound and 
Sonochemistry 
The irradiation of ultrasound through a liquid consists of propagating high and low-
pressure waves through the liquid media which can lead to the formation of cavitation 
bubbles [218-220]. The collapse of these cavitation bubbles can lead to extremely 
energetic events [352, 353] such as jetting and fluid shearing, which can be used to 
homogenize solutions [354], similarly to mechanical stirring, or to generate free 
radicals for chemical reactions at the bubble interface [220, 352]. Therefore, 
ultrasound sonication has the potential to enhance the chemical de-alloying by either 
favouring the diffusion of the dissolved material [355, 356], or breaking the large 
precipitates [228, 357] across the surface of the material. Sonication may also be used 
to induce the generation of radical species [224, 225] which may support the kinetics 
of de-alloying and favour selective etching.  
In this section, sonication will (I) apply to pristine material before de-alloying as a 
pre-treatment, (II) supply to the reactor of de-alloying during the de-alloying process, 
and (III) applying long-term treatment for a trial of ultrasonic de-alloying.  
 
6.3.1 Sonication pre-treatment of thin films prior to de-alloying 
The use of ultrasound can be either low frequency high power or high frequency 
low power [220]. The sonication performed at low frequency (20 ~ 100 kHz) and high 
power was used to generate cavitation [220, 358, 359], while the higher frequency and 
low power sonciation is more likely used to favour particle manipulation [360, 361] 
and homogenization [223, 356]. With low frequency (20 ~ 100 kHz), the cavitation 
effect of sonication will lead to erosion on the surface of material [230-232]. Based on 
the results from Chapters 4 and 5, the defects across the surface of the samples induced 
from rolling or surface scratches, were found to be preferential sites for etching. 
Therefore, in this section, the sonication was applied to the pristine material prior to 




primarily evaluate the morphology alteration on the de-alloyed samples after 
ultrasonic pre-treatment on the pristine material. The purpose of this section is first to 
investigate the impact of the frequency and power of the sonication process on both 
the pristine material and on the morphology of de-alloyed material.  
The experiment setting was explained in Section 2.5.2. A plate-transducer was used 
for investigating the impact of the ultrasound frequency. Three frequencies of 
ultrasound waves - 22, 98 and 300 kHz - were used. The input power of the ultrasound 
wave was 30 W and the dwell time for pre-treatment was 2 min for each sample since 
a severe eroded surface was not expected in this section. Figure 6.9 shows the SE 
images of as-treated samples and de-alloyed treated samples, as well as the surface of 
the pristine and reference de-alloyed samples prepared under the same conditions and 
cell geometries. The comparison of the different samples surfaces shows that the no 
major variations could be found upon ultrasonic pre-treatment. At 98 kHz, the surface 
of the treated samples seemed slightly smoother than that of the pristine samples. This 
difference was also noticeable across the surface of samples sonicated after de-
alloying. Precipitate deposition was found to be sparser and less oriented than those of 
the reference sample. At other frequencies, 22 and 300 kHz, were not found to be 
statistically different from the reference samples.  
With increasing frequency, the cavitation bubbles received less energy from the 
ultrasound due to shorter wavelengths [228]. However, the intensity of cavitation 
bubble collapse is not always linearly proportional to power or frequency [233, 358]. 
It suggests that the impact of frequency of input ultrasonic with fixed power on the 
surface of pristine sample is non-linear [358, 362]. In our cases, the ultrasonic of 98 
kHz seems to achieve the most significant change on pre-treated pristine material 
amongst three frequencies. This result imply that the ultrasonic of higher frequency 






Figure 6.9 SE images of samples pre-treaded by ultrasound waves before and after de-alloying. The samples were pre-treated at 70 W 
ultrasonic power and for frequencies of (a) 22 kHz, (b) 98 kHz and (c) 300 kHz for 6 min. (e) ~ (g) show the treated samples after de-
alloying with 1 M NaOH for 60 min. (d) is the pristine sample for reference. (h) is the reference sample de-alloyed with 1 M NaOH 





Only a horn transducer was used to deal with the power of the acoustic wave field, 
which configuration is shown in Figure 2.17. Two positions (vertical and horizontal, 
Figure 2.17 (b) and (c)) and two different powers were used to pre-treat the samples in 
these tests, but only three out of four, 140 W and 225 W of vertical and 140 W of 
horizontal, are here presented since the 225 W power led to strong damage to the 
sample. The SE images of the samples treated by the horn-transducer are shown in 
Figure 6.10. Interestingly, both positions of 140 W and 225 W power pre-treatment 
resulted in no apparent changes across the surface of the pristine samples (Figure 6.10 
(a) ~ (c)) that could be detected. Similar to the results for the frequency series, the de-
alloyed treated samples also did not exhibit much changes with respect to the low 
power input power. Although the horn setting can increase the cavitation intensity by 
increasing the input power [363], the ultrasonic pre-treatment still did not lead to 
noteworthy changes on the pristine sample.  
Since only the longitudinal wave can transfer through the liquid medium [220], the 
sample with vertical position and horizontal position received different effects from 
ultrasonic field. The samples perpendicular to the transducer were expected to undergo 
stronger cavitation effects from cavitation bubbles, which was reduced with respect to 
increasing distance with the transducer. On the other hand, the samples parallel to the 
transducer would receive the vibration from the acoustic radiation force generated by 
the transducer, which direction was parallel to the direction of wave propagation [364]. 
The fracture of the samples placed horizontally and at 225 W, shown in Figure SII.32, 













Figure 6.10 SE images of samples as-treated by ultrasonic and after de-alloying. The 
horizontal samples are pre-treated with 20 kHz ultrasonic of (a) 140 W and (b) 225 W 
for 2 min. (d) and (e) shows the treated samples de-alloyed with 1 M NaOH for 60 
min. (c) is the vertical sample pre-treated with 20 kHz ultrasonic of 225 W for 2 min, 
while (f) shows the vertical sample de-alloyed with 1 M NaOH for 60 min. The 
temperature of the etching solution and DI water was controlled at 20 ± 2 ºC 
 
In summary, neither the sonication at 70 W with a plate-transducer to control the 
frequency range between 22 ~ 300 kHz nor the 20 kHz horn-transducer allowing for a 
power range between 70 to 225 W in both vertical and horizontal positions, induce 
noteworthy changes across the surface of the pristine or pre de-alloyed samples. This 
result suggests that the intensity of the cavitation trialled in the current study may not 
be sufficient to generate pits and significant etching within 2 min of dwell time. The 
next section will therefore investigate the combined application of the sonication 
process during the chemical de-alloying process to evaluate the applicability of a 
sonication-assisted system.  
 
 




In the previous section, the samples were expected to be eroded by ultrasound pre-
treatment due to the cavitation effect. Another application of cavitation effect, which 
is homogenization [223, 356], was applied to chemical de-alloying, here referred to as 
“Sonication assisted chemical de-alloying”. The liquid jet and fluid shear, generated 
by the collapse of cavitation bubbles [220, 223], can stir the solution, which was 
thought to enhance the dissolving of materials. In addition, the radical formation by 
sonication [225] may also help dissolve the material.  
The experimental setting was presented in Section 2.4.2.5. The plate-transducer was 
set under the bottom of the glass reactor. The ultrasonic wave was indirectly 
transduced to the sample through the jacketed beaker. The sample was placed at two 
positions in this project when performing de-alloying assisted with ultrasonic waves. 
The sample was first placed parallel to the transducer (Figure 2.13 (b)), and second 
perpendicular to the transducer (Figure 2.13 (c)).  The frequency of the ultrasound was 
1 MHz, since the sonication pre-treatment at low frequencies (20 ~ 300 kHz) did not 
lead to any significant effects on neither the surface geometry of the pristine material 
nor of the material sonicated after de-alloying. On the other hand, the symmertric 
cavitation bubbles generated by the ultrasound could reduce the etching of surface 
after exposure to the cavitation effect [228, 366]. In addition, high frequency 
theoretically increases the mass transfer [223], which may promote the diffusion of 
dissolved materials. There are 3 input powers in this section set at 10, 30 and 50 W 
and the duration before sampling was 10, 20, 30 and 60 min. The chemical de-alloying 
conditions were also fixed at 1 M NaOH and 20 ± 2 ºC. Since the temperature of the 
bath will increase over time due to the ultrasonic wave [219], a water cooling 
recirculation system was connected to the jacketed beaker to maintain a fixed 
temperature. The schematic of sampling positions is shown in Figure SII.33.   
The SE images of the samples positioned horizontally and de-alloyed with 
assistance of the ultrasonic field are shown in the Figure 6.11. The impact of increasing 
input power is shown across the images (a) to (c). The size of the precipitates across 
the surface of the de-alloyed samples first decreased for lower power prior to 
increasing again. On the other hand, the samples treated with the same power in DI 
water alone, without NaOH, shown in (e) ~ (g), were hardly different from the pristine 





distinguishable change by itself. The sonication process led to much larger precipitates 
than the conventional de-alloying process. The Figure SII.34 ~ SII.36 presents the 
morphology of de-alloyed samples with duration increasing. Notably, the size of the 
precipitates increased with the de-alloying duration increasing, and the increasing rate 
was proportional to the input power of ultrasonic wave at 10 and 50 W of power. 
However, at 30 W, the precipitates across the samples de-alloyed with sonication at 30 
W hardly coarsened with de-alloying duration increasing. It suggests that the 






Figure 6.11 SE images of horizontal samples after treating with 1 MHz ultrasonic. (a) ~ (c) are the samples de-alloyed in 1 M NaOH 
for 60 min with ultrasonic wave power at 10, 30 and 50 W, respectively. (e) ~ (g) are the pristine reference samples which were treated 
in DI water for 60 min with sonication at 10, 30 and 50 W, respectively. (d) is the blank reference sample de-alloyed without ultrasonic 





In the second part of this section, the samples were set perpendicularly to the surface 
of the transducer. Figure 6.12 shows the SE images of vertically placed samples de-
alloyed with ultrasonic wave assistance. The morphology of the samples with 
increasing input power from (a) to (c) exhibited the same trend as the horizontally set 
samples. Interestingly, the precipitates for the vertically positioned samples were 
almost double of those obtained for the horizontally positioned samples.  
On the other hand, the samples treated with the same power in DI water, shown in 
(e) ~ (g) of Figure 6.12, presented an opposite trend to that achieved in a horizontal 
fashion. A porous framework was fabricated across the surface of the samples treated 
with the ultrasonic wave with DI water, while the pore size increased with respect to 
input power increasing. In addition, large and deep holes appeared across the surface 
of these samples when the input power of sonication was set at 30 and 50 W, which 
are shown across the low magnification SE images in Figure SII.37. These features 
were generated by the cavitation effect of sonication, which has induced stress 
corrosion of the surface of the samples [366, 367]. Due to the difference of corrosion 
between Zn and Cu, selective etching was performed on the surface of the sample 
[229]. However, the vertically positioned samples de-alloyed with ultrasonic 
assistance did not present significant differences with respect to the reference samples 
sonicated in DI water alone. Therefore, it appears that the position of the samples in 
the field only affected the size of the precipitates or residual grains, which was 
increased from horizontal position to vertical position. There are two possible 
hypotheses for explaining these results. (I) The pin holes generated by sonication were 
filled up by the precipitates of copper oxide or (II) The acoustic field in the reactor of 
this project in our cases was not homogenous enough [233, 352]. The sampling 
position of vertical position for the sample de-alloying with sonication assistance, 
shown in Figure SII.33 (a), was located close to the wall of the reactor, while the 
sampling position of controlled sample, shown in Figure SII.33 (b), was closer to the 






Figure 6.12 SE images of vertical samples after treating with 1 MHz sonication system.  (a) ~ (c) are the samples de-alloyed in 1 M 
NaOH for 60 min with a power of 10, 30 and 50 W, respectively. In addition, (e) ~ (g) are the pristine samples treated in DI water for 60 
min at a power of 10, 30 and 50 W, respectively. (d) is the blank reference sample de-alloyed without ultrasonic assistance. (h) is the 





The composition of the de-alloyed samples prepared with sonication assistance for 
60 min was analysed by EDS. The plot shown in the Figure 6.13 reveals the atomic 
ratio of Zn to the sum of (Cu and Zn), for both vertical and horizontal positions. The 
ratio of Zn exhibited the same trend as for the precipitation size, by first decreasing 
prior to increasing at higher input power. However, the efficiency of de-alloying 
process with sonication assistance was lower than that of the conventional de-alloying 
(0 W equivalent to that without electric field) at all powers but 30 W. The larger the 
precipitates on the surface were, the less Zn was ultimately dissolved (Figure 6.11 (a), 
(c) and Figure 6.12 (a), (c)). This phenomenon appears to go in an opposite direction 
to what reported in Chapter 4 on the kinetics of chemical de-alloying. In the classical 
process, the size of the precipitates was well correlated to the progression of the 
process, and their density was found to increase as a function of time for longer de-
alloying durations. This result implies first that the real precipitates of dissolved Cu 
were not decomposed by sonication process and that second the large precipitates 
visible on the surface images, shown in Figure 6.11 (a), (c) and Figure 6.12 (a), (c), 
might not be precipitates of dissolved Cu but grains of pristine Cu-Zn alloy with low 
prior orientation for etching, which were less prone to etching. This variation of 
orientation, as previously discussed in Section 5.3 may have led to some degree of 
preferential etching and temporarily different morphology. The Figure SII.38 shows 
the Zn composition of samples de-alloyed with 30 W sonication assistance changed 
with duration of de-alloying increasing. The residual Zn of the sample de-alloyed with 
30 W sonication assistance for 840 min was approximately 22 at.%, while that of 
sample de-alloyed with conventional de-alloying was less than 10 at.% (obtained from 
results of Section 4.3.4). It suggests that the effect of sonication assistance on de-
alloying process was an adverse effect in our case. 
Without changing the frequency, alternating the power of ultrasonic will change 
either the intensity of cavitation [220, 233, 368] or position of the high density 
cavitation zone [221, 233]. As discussed in the previous section, the horizontally 
placed sample was affected by the vibrations from the ultrasonic wave. At 30 W power, 
the vibration of the sample prevented the precipitation of copper oxides. The coarsened 
precipitates at 50 W could be since the heating effect of ultrasound which was 





Figure 6.13 The atomic ratio of Zn after de-alloyed with 1 M NaOH for 60 min at 20 
± 2 ºC. The ‘0 W’ referred to the conventional chemical de-alloying (blank reference). 
The frequency of the ultrasonic wave was 1 MHz  
 
 
6.3.3 Selective etching by Sonication for porous framework generation 
Long-term sonication with a horn-transducer at 20 kHz frequency was previously 
used to fabricate porous surfaces across metals [229]. In Section 6.3.1, increasing 
power (140 ~ 225 W) of sonication with horn-transducer was not found to lead to any 
noteworthy changes within 2 min. However, in Section 6.3.2, a porous framework was 
generated across the controlled sample treated with plate-transducer, 1 MHz frequency 
of ultrasonic in DI water for 60 min. The vertical samples, exposed to 10, 30 and 50 
W power ultrasonic treatment for 60 min, presented important changes across their 
surface, while the horizontal samples hardly changed after experiencing the same 
treatment (Figure 6.14). When the input power was 10 W, besides the randomly 
distributed precipitates, the size ranged from 300 nm ~ 500 nm, and pin holes densely 
distributed across the surface of treated sample appeared. As opposed to the previously 
shown de-alloyed porous structure, these pin holes were similar to these previously 





present particle-liked precipitates but micron-scaled holes instead. When the input 
power was set at 30 W, the holes exhibited irregular shapes and a rather clustered 
distribution. Several holes were combined to form a cluster of holes, which size was 
approximate 15 μm and were randomly distributed across the surface of the samples.  
When the input power increased to 50 W, besides the porous framework on the surface, 
several round holes, approximately around 3 μm in diameter, randomly appeared 
across the surface. These holes have a larger distribution density than those found at 
30 W, and their appearance looked like an inverted funnel laid in a cylinder holes. The 
low magnitude SE images for vertical samples are shown in Figure SII.37, and the 
high magnitude SE images are shown in Figure 6.12 (e) ~ (g). 
 
 
Figure 6.14 SE images of samples after treating with 1 MHz ultrasonic for 60 min in 
DI water. (a) ~ (c) are the horizontal samples treated with ultrasonic of 10, 30 and 50 
W, respectively. (d) ~ (f) are the vertical samples treated with ultrasonic of 10, 30 and 
50 W, respectively. The temperature of both DI water was controlled at 20 ± 2 ºC 
 
In last section, these holes, shown in Figure 6.14 (d) ~ (f), were regarded as the 
products of selective etching due to the stress corrosion of sample. Therefore, 
preparing a time-based series of vertically oriented samples treated with sonication and 




pore formation. The SE images for the vertically placed samples treated at different 
input power for different durations are shown in Figure 6.15.  
At 10 W, pin holes across the surface of the samples coarsened with duration 
increasing. The precipitates across the surface were also coarsened with duration of 
sonication increasing, but their distribution density dropped rather rapidly. 
Interestingly, a series of holes with approximate 2 μm of width appeared after 30 min 
of treatment duration. The holes with similar size could not be found across the surface 
of the samples treated for 60 min. It probably was due to the inhomogeneous acoustic 
field. At 30 W, besides the pin holes, there were no precipitates appearing across the 
surface of the samples. However, clustered holes appeared after 30 min of duration, 
exhibiting narrower and more twisted shapes than those found after 60 min of duration. 
At 50 W, pin holes, approximately 300 nm in diameter, were generated across the 
surface and found to be distributed primarily along the direction of rolling traces. The 
location of the pin holes suggests some degree of periodic spatial distribution along 
with the direction perpendicular to the axis of the rolling traces. Spheroid precipitates 
distributed along the direction of rolling traces were also generated. Both the spheroid 
precipitates and pin holes disappeared after 30 min of duration and were replaced by a 
porous surface similar to early stage of conventional de-alloying without particle-liked 
precipitates. After 60 min duration, large round holes with uniform size appeared as 
aforementioned. The size of these holes implied that these holes were generated by 
physical damage of cavitation bubbles. Therefore, compared the holes of 30 W and 50 
W, although the de-alloying effect of 50 W sonication seems to be better than that of 
30 W sonication, the clustered holes indicates that the physical damage of 30 W 
sonication was stronger than that of 50 W sonication. In addition, it probably could be 
the reason of high de-alloying efficiency of 30 W sonication amongst that of the three 
different powers.  
These porous frameworks and pins holes were generated by the cavitation effect 
since these features did not appear on the surface of the horizontally positioned 
samples. Therefore, these features were generated by stress corrosion and by the 
cavitation effect [41, 232, 366, 367]. Since the dissolution rate of Zn shall be faster 
than that of Cu [369], a further series of experiments was carried out to generate porous 





Figure 6.15 SE images of vertical samples after treating with 1 MHz ultrasonic. (a1) ~ (a4) are the samples treated with 10W 
ultrasonic for 10 min, 20, 30 and 60 min, respectively. (b1) ~ (b4) are the samples treated with 30W ultrasonic for 10, 20, 30 and 
60 min, respectively. (c1) ~ (c4) are the samples treated with 50W ultrasonic for 10 min, 20 min, 30 min and 60 min, respectively. 




6.3.4 Section discussion and summary 
The sonication was found to be a very useful system for enhancing the chemical de-
alloying process. The ultrasonic assistance (1 MHz, 30 W) led to a higher de-alloying 
efficiency than conventional chemical de-alloying. The impact of the different 
sonication parameters still however requires to be optimized to fully benefit the 
potential of sonication. 
The frequency of sonication may influence the density of cavitation bubbles, the 
rate of bubble collapse as well as the speed of the jet flux generated by the collapse of 
the cavitation bubbles [223]. The results (Figure 6.11 (a) ~ (c), Figure 6.12 (a) ~ (c) 
and Figure 6.13) implied that the efficiency of de-alloying might however be reduced 
by the sonication. On the other hand, the morphology variation between the de-alloyed 
samples and the controlled samples shown in Figure 6.12 (a) ~ (c) and (e) ~(g), was 
regarded as the contribution of the inhomogeneity of the acoustic field [221]. However, 
the variations of Zn composition (Figure 6.13, error bar) within the sample series 
positioned in different orientations was much less important compared to the variations 
of morphology previously reported between the de-alloyed and controlled samples. 
According to the Figure SII.33, the sampling position of horizontal and controlled 
samples was in the centre area, while the sampling position of vertical samples was on 
the edge of acoustic field. Therefore, this result suggests that the impact of the 
sonication on the efficiency of the de-alloying process might not be directly affected 
but indirectly benefited by the cavitation of ultrasonic, such as free radical species 
formation [224, 225] or  flux of radical species [356].  
The impact of the sample position may however be underestimated in our 
experiments. The samples treated by horn-transducer at 225 W and 20 kHz were 
damaged, suggesting that the they experienced a strong vibration during the treatment 
and were finally fatigue broken by the biaxial loading (Section 6.3.1, Figure SII.32). 
The formation of pin holes and deep holes on the vertically positioned samples treated 
by the plate-transducer at 10~50 W and 1 MHz were however damaged due to the 
contribution of the cavitation effect. These results indicate that the samples may only 
be vibrated by the acoustic radiation force generated by ultrasonic aligned to the 




(position (I)). Although the de-alloying process indirectly benefited from cavitation of 
sonication, the strong vibration may also lead to fatigue of material [365], especially 
when the material is converted to a more fragile porous framework after long de-
alloying durations. Therefore, putting the samples perpendicular to the transducer, 
along with the ultrasonic wave propagation direction [233], can not only effectively 
reduce the vibration cause by alternating wave, but also provide more cavitation 
energy which may enhance the progression of the de-alloying process. 
The sonication however did also activate a stress corrosion process which led to a 
novel selective etching mechanism, named here as ultrasonic de-alloying process. 
With this technique, de-alloyed porous frameworks may be achieved without 
consuming etching solution, and further work is required to fully perceive the scope 
of this novel technique demonstrated here for the first time. 
The investigation of ultrasonic assisted de-alloying process in this project is 
therefore a preliminary study. So far, it has proved that the sonication has positive 
effect on the chemical de-alloying, especially in regards to the diffusion of dissolved 
materials. On the other hand, the mechanism of cavitation for enhancing the de-
alloying process, the kinetics of stress corrosion, activated by cavitation, are still 




6.4 Thermal de-alloying 
In the previous section, the cavitation generated by the sonication induced stress 
corrosion across the surface of the samples, which led to selective etching and the 
generation of a porous framework. This behaviour suggests that the de-alloying 
operation is an asymmetric Ker Kendall migration process, whereby the removal of 
Zn generated pores which could not be readily filled by other foreign atoms or 
rearranged by Cu atoms due to the kinetics of quick reaction [288].  On the other hand, 
the pores left by the migrated Zn atoms were filled up due to the rearrangement of 
copper atoms [206, 370]. This rearrangement can be estimated through the self-
diffusion rate of copper as shown through the volume diffusion (Equation 6.1) [370].  
𝐷 = 0.78 exp (
−50.5 kcal ∙ mol−1
𝑅𝑇
) cm2 ∙ s−1 Equation 6.1 
where D is the diffusion rate, R is the gas constant (1.987 cal·K-1·mol-1), and T is 
the absolute temperature (K).  
Putting room temperature (293 K) into Equation 6.1, the self-diffusion rate of 
copper at room temperature is approximately 1.74e-38 cm2·s-1. The Equation 6.1 was 
used for estimating the diffusion rate of copper at high temperature (500 ºC). The self-
diffusion rate of copper at room temperature (20 ºC) should be lower than 1.74e-38 
cm2·s-1 [370]. Since the pores may be stable over time-scale on the order of life time, 
based on the diffusion rate of Cu at room temperature, the de-alloying process may 
therefore not necessarily be performed in a liquid environment, but efficiently remove 
the less-noble atoms (Zn) from the matrix. Further, based on the results of heat-treated 
samples performed in Section 5.2.1 (Figure S5.1), the migration of Zn atoms from the 
matrix to the surface was suggested, leading to the formation of a ZnO layer across the 
surface of heat-treated sample after heat treatment (Figure S5.2). The formation of the 
ZnO layer was caused by the fact that the bond of Zn-O was stronger than that of Cu-
Zn [289]. After heat-treatment at 600 °C for 2 h, a porous framework with bi-continue 
structure, made of Cu, was formed under the dense ZnO layer (Figure S5.3). The brass 




corrosive liquid/atmosphere was formed. This type of de-alloying is a physical 
process, referred to as the thermal de-alloying process. The objective of this section is 
to understand the required conditions of thermal de-alloying and develop a theoretical 
model to explain its mechanism. 
6.4.1 Experimental results and discussion 
The heat treatment operations detailed in Section 5.2.1 were regarded as the first 
experiment for the thermal de-alloying of Cu-Zn alloy, named Test 1 in this section. 
In this first example, the samples were laid in an alumina boat and heat-treated in a 
tube furnace at Ar atmosphere with one-atmospheric pressure. Three different new 
experiments were carried out in this section. First, the samples were put into a quartz 
tube at low pressure (0.2 Torr) before being sealed, named Test 2 in this section. 
Second, the samples were heat-treated in a vacuum tube furnace with reducing 
atmosphere (85% Ar + 15% H2) to counteract the oxidization of the Zn upon the 
surface of sample during the heat-treatment, named Test 3 in this section. In the last 
experiment, pre-dealloyed samples, which were de-alloyed by the conventional de-
alloying process prior to the heat-treatment, were used and underwent a second de-
alloying stage, named Test 4 in this section. The dwelling pressure of Tests 3 and 4 
were <0.2 Torr, however, the pressure of atmosphere would increase to 4 Torr during 
the reducing gas (85% Ar +15% H2) blowing. The selection of parameters was based 
on literature [371] and aimed at the removal of Zn as vapour through specific 
vaporisation from the brass matrix. The comprehensive details of experiment settings 
were presented in Section 2.4.2.6. The parameters applied to each experiment are 








Table 6.3 The list of parameters and materials of thermal de-alloying.  










Furnace tube furnace 
muffle 
furnace 









10, 30, 60 252, 302 25, 30 
Atmosphere Ar Ar 
Ar (85%)  
H2 (15%) 




< 60 none 400 400 
Pressure3 (Torr) 760 <0.6 <0.2(4)4 <0.2(4) 
1: CuZn30 de-alloyed with 1 M NaOH at ambient temperature (20 ºC) for 1, 7 and 
168 h.  
2: The gas flow was only supplied at the first 20 min. 
3: The pressure at dwelling temperature. 
4: The pressure increased to 4 Torr when flushing gas. 
 
The SE images of the samples from Test 2 are shown in Figure 6.16. The surfaces 
of the samples thermally treated at 400 ºC, were hardly changed for a dwelling time 
shorter than 60 min. Several precipitates were distributed across the surface when 
dwelling time was up to 60 min. These precipitates were also appeared on the surface 
of samples dwelled at 500 ºC and 600 ºC.  The density and size of the precipitates at 
500 ºC increased compared to those visible at 400 ºC. EDS analysis was performed on 
the samples shown in Figure 6.16 and the results are presented in Figure SII.39. The 
Zn composition increased slightly with respect to dwelling time increasing, while the 
O content did not present any apparent relation with dwelling temperature or time. 
These phenomena indicate the Zn content was concentrated upon the surface of sample 
with dwelling temperature or time increasing. In addition, the O content was probably 
from the residual O2 in the tube before sealing. The samples thermally treated at 600 
ºC exhibited small holes on the surface when dwelling time was 60 min. The high 




SII.40. These tortuous holes with length < 200 nm, width < 20 nm and distributed 
density ~1.86 μm-1, were similar to the shape of de-alloyed pores. 
The main differences between the first experiment (heat treatment, Test 1) and the 
second experiment (tube sealed, Test 2) were dwelling time, pressure and gas flow. 
However, at 400 ºC, the sample of Test 1 exhibited micron-scale holes densely 
distributed upon the surface (Figure 5.3 (b)), while only small precipitates could be 
found from the surface of the sample of Test 2 (Figure 6.16 (c)). At 600 ºC, the sample 
of Test 2 was covered by a thick ZnO layer (Figure 5.3 (c), and Figure S5.3), while a 
few precipitates and de-alloyed pores appeared on the sample of Test 2 (Figure 6.16 
(i)). Although the dwelling time of Test 2 (60 min) was only half of that of Test 1 (120 
min), the low pressure of Test 2 and gas flow of Test 1 was considered to contribute 
predominately on the morphology difference between two experiments. In addition, 
the low pressure is a key parameter for thermal de-alloying of Cu-Zn. Otherwise only 





Figure 6.16 SE images of samples thermal de-alloyed in sealed quartz tubes (Test 2). (a) ~ (c) dwelled at 400 ºC for 10, 30 and 60 min 




From the second experiment, it was found that the thermal de-alloying required 
performing under low-pressure atmosphere to facilitate evaporation of the Zn. The low 
vapour pressure of the Zn would however in this confined space lead, as shown across 
the previous EDS to likely re-deposit across the samples. The kinetics were however 
difficult to obtained due to the specific mounting of the samples in the torch-sealed 
glass vials. Therefore both true chamber pressures and compositions were difficult to 
maintain subsequently across the series of samples. The surface of the treated samples 
in these conditions was however expected to lead to a slower kinetics of thermal de-
alloying due to the relative partial pressure of Zn in that system.  
Therefore, in order to alleviate the challenges perceived in both previous 
exeriments, the third experiment was carried out, aiming at conditioning the sample 
during thermal de-alloying at low pressure but under a constant pressure and a higher 
dwelling temperature. A reductive atmosphere was used to counteract the effect of 
oxidation which may have arisen from the presence of remaining oxygen either 
adsorbed or partly dissolved in the metal. The dwelling temperature of Test 3 (third 
experiment) was set up to 900 ºC, which was close to the boiling temperature of pure 
Zn at normal atmosphere [372], for a better surface diffusion rate on the order of 10-1 
cm2·s-1. The dwelling time is 25 min and 30 min, while reducing gas flow was used at 
the first 20 min. The dwelling pressure is < 0.2 Torr. However, pressure of atmosphere 
was risen to 4 Torr due to the reducing gas flow at the first 20 min.  
The results of Test 3 are shown in Figure 6.17. After 25 min, the treated sample 
presented a bi-continuous porous structure, which was close to the benchmarked de-
alloyed porous structure of the de-alloyed Au-Ag presented in Figure 4.1 (a). In 
addition, after analysing the SE images with ImageJ, the ligament size was found to 
be 181±19 nm, while the apparent pore size was approximately 350±30 nm. However, 
the samples heat treated at 900 ºC for 30 min presented a dense and rough surface with 
small pits (Figure 6.17 (b) and (d)) rather than a de-alloyed porous framework as 
shown in the samples heat-treated for 25 min. A possible explanation for this result is 
that the copper ligaments have coarsened after de-alloying and filled up the pores 
generated a few minutes ago. The coarsening of ligaments was considered as the 
volume self-diffusion of copper  [198, 253]. Therefore, the pore filling process at 900 




6.1 was 3.04×10-10 cm2·s-1. It suggests that the thermal de-alloying might have a time 
window for generating the porous structure and exceeding these windows would lead 
to the pore being filled with rearranged Cu. 
 
Figure 6.17 SE images of thermal de-alloyed samples dwelled at 900 ºC in Ar+H2 
(15%) atmosphere. (a) Dwelling time: 25 min. (b) Dwelling time: 30 min. (c) low-
magnification SE image of (a). (d) low-magnification SE image of (b). 
 
In the third experiment, the thermal de-alloying succeeded in the fabrication of de-
alloyed porous framework. Therefore, the fourth experiment (Experiment 4) was 
carried out in order to investigate the relation between porous frameworks fabricated 
by thermal de-alloying and chemical de-alloying. In this series of tests, the samples 
were chemically de-alloyed with 1 M NaOH at 20 ºC for 2, 7 and 168 h prior to being 
heat-treated. If these samples generated a hierarchical porous structure, liked the 
hierarchical porous structure of Au-Ag in a previous publication [19], the formation 
mechanism of porous framework fabricated by thermal de-alloying and chemical de-
alloying are theoretically different. Otherwise, the thermal de-alloying and chemical 




Ker Kendall migration, as assumed at the beginning of this section, if these samples 
generated a surface in between the porous surface and dense surface, similar to (c) and 
(d) of Figure 6.17. 
The heat treatment parameters for the experiment 4 were the same as those 
developed in Test 3 and included dwelling temperature (900ºC), dwelling time (25, 30 
min), reductive atmosphere (Ar +15% H2) and gas flow (400 cm
3·min-1). The results 
for this two-step de-alloying are shown in Figure 6.18. The precipitates, which used to 
be on the surface of de-alloyed samples after de-alloying (Figure 4.6), disappeared 
completely after heat-treatment. Instead of precipitates, deep holes were sporadically 
distributed across the surface of the sample (Figure 6.18 (a) ~ (c) and (f)). The 
statistical information of pores of thermal de-alloyed sample of Experiment 4 is shown 
in Table SII.4. The pore size after heat-treated for 25 min decreased with the duration 
of pre-de-alloying increasing. However, the quantitative density of pores did not 
present apparent trend amongst the samples with different pre-de-alloying duration. 
The probable reason for the oscillation of the quantitative density of pores is that the 
dwelling time of 25 min exceeded the time windows of the pre-de-alloyed sample for 
generating de-alloyed porous morphology. The cross-view of the sample de-alloyed 
for 7 h and heat-treated for 25 min (Figure 6.18 (b)) is shown in Figure SII.41 and 
indicates that these deep holes might spread across the whole sample under the surface.  
After heat-treated for 30 min, the surface of samples pre-de-alloyed for 2 h and 7 h 
(Figure 6.18 (d) and (e)), presented neither precipitates nor deep holes, but a rough 
surface with coarse grains, with a size around 6 μm, were formed, while there still had 
deep holes appeared on the surface after heat-treated for 25 min. It indicates that the 
deep holes shown in the sample heat-treated for 25 min were filled up by the 
rearrangement of Cu. Interestingly, the sample pre-de-alloyed for 168 h after heat-
treated for 30 min, presented a smooth surface with scattered deep pores (Figure 6.18 
(f)) with the pore size of 1.164±0.083 μm and density of 21923.8 mm-2 (Table SII.4).  
Both the pore size and pore density of sample pre-de-alloyed for 168 h were increased, 
when the dwelling time of heat-treatment increased from 25 min to 30 min. The 
probable reason leading to this phenomenon was the presence of a porous layer after 
heat-treatment shown in Figure SII.42. These SE images (Figure 6.18 (c) and (f)) taken 




morphology. On the other hand, the porous layer was the feature of the chemical de-
alloying process with an alkali solution. Also, the thermally de-alloyed sample pre-de-
alloyed for 7 h (Figure SII.41) did not present a separate layer on its cross-section. It 
indicates that the thermal de-alloying could not generate the separated porous layers 
in our case. Therefore, the separated porous layer, shown in Figure SII.42, was 





Figure 6.18 SE images of thermal de-alloyed samples dwelled at 900 ºC in Ar+H2 (15%) atmosphere. (a) ~ (c) Dwelling time: 20+5 
min. (d) ~ (f) Dwelling time: 20+10 min. The samples were chemically de-alloyed prior to the heat-treatment with 1 M NaOH at 




The results of the fourth experiment have proved the hypothesis that the 
mechanisms of thermal de-alloying and chemical de-alloying were theoretically the 
same since the heat-treated samples exhibited a morphology in between the porous 
surface and dense surface. On the other hand, the similarity between Figure 6.17 (b) 
and Figure 6.18 (d) and (e) indicates that the porous framework generated by thermal 
de-alloying might disappear if some conditions were fulfilled, such that the residual 
Zn composition of sample prior to heat-treatment was more than 15 at.% a value that 
was achieve from the Figure 4.13. The reason led to this phenomenon was yet to be 
clarified and could be part of future investigations. 
 
6.4.2 Simple model and theoretical calculation 
The following content will establish a simple theoretical model to describe the 
thermal de-alloying process and calculate the suitable temperature for Cu-Zn thermal 
de-alloying. The thermal properties of Cu and Zn are shown in Table 6.4. The value 
of Cu is almost twice of that of Zn. The melting point of CuZn30 is approximately 
1189 K, estimated from phase diagram of Cu-Zn [264], which is slightly higher than 
the boiling point of pure Zn (TB = 1180 K). The single phase alloy, such as CuZn30,  
can only have one melting point [304]. However, the Zn atoms may continuously 
migrate from the matrix to the surface if the outer conditions (temperature, pressure 
and gas flow) had reached/exceeded the critical point of Zn sublimation.  
Table 6.4 The thermal properties of Cu and Zn [372]. TM is the melting point. TB is the 
boiling point. Hf is the heat of fusion. Hv is the heat of vaporization. CT is the capacity 
of heat. 
 
TM (K) TB (K) Hf (kJ/mol) Hv (kJ/mol) 
Zn 692.68 1180 7.32 115 



















) Equation 6.2 
where, P1 and P2 are the partial pressure of components, L is the latent heat of 
vaporisation, R is the gas constant, T1 and T2 are the temperatures of components. Then 
the boiling point TB yields from Equation 4.3, 












where, R is the ideal gas constant, P is the vapour pressure of the liquid at the 
pressure of component, P0 is some pressure where the corresponding T0 is known 760 
Torr, ΔHvap is the heat of vaporization of the liquid, T0 is the boiling temperature of 
component at 760 Torr (1 atm). The relation between the boiling point (vaporization 
temperature) and the pressure is expressed in Equation 6.3, and is plotted in Figure 
6.19. According to the Figure 6.19, the first experiment did not work since the dwelling 
temperature (< 600 °C) was not high enough (907 °C). The theoretical boiling point of 
Zn in the second experiment was 420 °C, while the real pressure in the quartz tube was 
however higher than the theoretical pressure (< 0.6 Torr) due to the vaporization of 
Zn, which led to the increase in boiling point of Zn. Therefore, the pressure inside the 
tubes would keep increasing until the evaporation of Zn was suppressed, then the 
migration of Zn atoms was also suppressed. For the Tests 3 and 4, the theoretical 
boiling point is <420 °C or 540 °C when gas blowing is reduced. The temperature gap 
ΔT between the theoretical boiling point of Zn and the real temperature of Cu without 
gas flow was larger than that of with gas flow.  The vaporizing rate of Zn might be 
faster with a larger ΔT. It could probably explain why the Tests 3 and 4 when failed 
when the duration was 30 min. The vaporizing rate of Zn was so fast that the copper 






Figure 6.19 the relation of pressure and the boiling point of Cu and Zn.  
 
6.4.3 Section summary 
The thermal de-alloying of Cu-Zn alloy was demonstrated from both experiments 
and theoretical calculations. The summary of the results corresponding to the 
experimental results and theoretically calculation is presented in Table 6.5. This 
physical de-alloying process is another novel de-alloying technique with great 
potential since it may lead to the fabrication of de-alloyed porous structures with sub-
micro pores and ligaments. Physical de-alloying also showed to be efficient at 
removing oxides formed across the surface and in assisting already de-alloyed samples 
by conventional chemical de-alloying. Although the mechanisms of pore formation of 
thermal de-alloying were theoretically the same as the conventional chemical de-
alloying, the kinetics of the thermal de-alloying is unknown at this stage and further 





Table 6.5 Summary of results of thermal de-alloying 




Test 1 <600 ºC, Ar, 760 Torr,  
<60 cm3·min-1 
> 907  ºC The ZnO layer was generated across the surface with a thickness up to 
0.7 μm or thicker (Figure S5.). 
Test 2 <600 ºC, Ar, <0.6 Torr, 
none 
— Zn composition on the surface after heat-treating was increased 1 ~ 2 
at. % compared with the surface of pristine sample since the 
redepotion of Zn vapour on sample surface after cooling down. 
Tortuous holes with length < 200 nm, width < 20 nm and distributed 
density ~1.86 μm-1 appeared when sample treated at 600 ºC for 60 
min. 
Test 3 & 4 900 ºC, Ar+15% H2,  
<4 Torr, 400 cm3·min-1 
< 540 ºC Pristine foil sample:  
 Porous framework with ligament size of 181 ± 19 nm and pore 
size of 350 ± 30 nm generated after 25 min of heat-treatment 
 Porous framework was replaced by a dense and rough surface of 
sample after 30 min heat-treating 
De-alloyed foil sample: 
 Round pores with diameter up to 1.340 ± 0.069 μm and low 
density (< 3479.6 mm-2) generated after 25 min heat-treating 
 Porous framework was replaced by a dense and rough surface of 




6.5 Discussion and Summary 
This chapter has presented four different types of enhanced de-alloying process 
complementary to the ones presented in Chapters 4 and 5. These processes are namely 
(i) chemical de-alloying with the shear-flow rig, (ii) chemcial de-alloying with cathod 
protection, (iii) chemical de-alloying assisted with sonication and (iv) thermal de-
alloying pre or post chemical de-alloying. The specific benefits of each techniques 
compared to the conventional de-alloying process were found as follows: 
The de-alloying kinetics of (i) affected the diffusion of dissolved materials, which 
was enhanced by the shear flow of etching solution. The eficiency of this technique 
was theorectically the same as the conventional chemical de-alloying process shown 
in Chapter 4 although the etching rate of shear flow was increased by the flow rate of 
shear flow.  
The electric field applied during cathode proctection was found to benefit the 
dissolution and diffusion of Zn. It however likely also enhanced the dissolution and 
precipitation of Cu. The porous framework could not be achieved with cathode 
proctection in our case based on the obtained results. However, cuporous oxides 
(Cu2O), which was difficult to achieved from conventional chemical de-alloying 
process, could be easly fabricated through de-alloying with cathode protection. 
Therefore, this technique combined with conventional de-alloying may be used to 
fabricate a material with a specific ratio of Cu2O and CuO to satisfy the requirement 
of some photocatalytic applications [98, 99, 374]. 
The sonication assisted experiments were found to offer great protential to generate 
porous frameworks in DI water without addition of etchants. Although the 
inhomogenerity of the acoustic field was found to limit the application of the 
sonication process, the bubble coalescence may also be used to generate locally de-
alloyed porous framework across isolated areas, which could not be achieved with any 
other techniques. The mechanisms of de-alloying with sonication are yet to be clarified 
since only the impact of amplifer power with 1 MHz frequency was investigated in 




the cavitation effects were previously found to decrease with frequency increasing 
[220]. 
Last, the thermal de-alloying was demontrated as a physical process which does not 
readily require etching chemcials. Sub-micron porous frameworks may be generated 
by thermal de-alloying, with a greater level of control than that performed with the 
conventional chemical de-alloying shown in Chapter 4. Thermal de-alloying however 
has a major drawback related to the coarsening of ligaments at high temperature [253] 
and to the filling up of the de-alloyed pores upon atoms rearrangeent. The time 
windows for generating a high quality themally de-alloyed porous framework (Figure 
6.17 (a)) is very narrow, and on the order of 25 min in the present case and parameters, 
based on a series of pressures and temperatures. There is however room for 
optimization particularly in regards to application as a second de-alloying step after a 
first chemical de-alloying. 
In this chapter, although the four enhanced de-alloying processes exhibited 
advantages for the fabrication of porous structures, these processes may not replace 
the conventional chemical de-alloying route to achieve large scale, homogeneous, pore 
distributions. These techniques were however invented here for the first time based on 
the need to better control the kinetics of etching as discussed in Chapters 4 and 5.  The 
main properties to be controlled however include composition of porous framework, 
pore/ligament size and surface morphology. The range of properties of de-alloyed 
porours structure, which were touched and suggested across these chapters may vary 





Chapter 7  General Conclusions, Limitations and 
Future Works 
 
7.1 General Conclusions 
This thesis aimed at developing tuneable de-alloyed metal porous frameworks by 
chemical de-alloying primarily, in which both the pore and ligament size distributions 
shall be adjusted within the nano and meso ranges. The objective was to correlate the 
kinetics of pore formation to provide a novel nanoporous metal fabrication route, able 
to yield Cu-based materials, valuable for their conductivity and chemical stability. 
Such materials could find applications in the fields of the electrode, catalytic, phonics 
devices and heater since they can provide a relatively large specific area, bi-continuous 
porous structure, and tuneable pore size and porosity. 
The kinetics of the chemical de-alloying process was investigated in depth in this 
thesis from both processes engineering and materials science perspectives. Since the 
theory of the de-alloying process was developed at the end of last century, the true 
contribution of pore size, ligament size or porosity to the morphology control has not 
yet been elucidated. A key contribution of this work was to clarify whether the 
morphology of de-alloyed porous framework could be altered by tuning heat and mass 
transfers during the process. Such changes were initiated by either altering the 
properties of the de-alloying solution, using pristine materials with different 
microstructures or assisting the reactions with external fields, such as heat or 
sonication. The main conclusions of this work are highlighted in the following. 
First of all, the investigation of the kinetics of Cu-Zn chemical de-alloying process 
has clarified that the single-phase Cu-Zn chemical de-alloying process in alkali was 
indeed a combination of two relatively independent sub-processes - the etching sub-
process and the precipitating sub-process. The etching sub-process is related to the 
selective etching of Zn or to competitive etching between Cu and Zn, which is 
correlated to the penetration depth of de-alloyed pores (Section 4.3). The change of 




analysis, performed at the Australian Synchrotron. The results were benchmarked 
against Au-Ag alloys, a well studied system where no precipitation may occur due to 
the high solubility of the Ag ions released in Nitric acid solution. The precipitating 
sub-process was primarily associated with the precipitation of dissolved Cu atoms, into 
CuO in our case. The morphology of de-alloyed porous framework and the thickness 
of the porous layer were (Figure 4.10 (g) ~ (i)) mainly correlated to the precipitating 
sub-process. These two sub-processes were found to have different sensitivity to the 
solution temperature (Section 4.3.3 and 4.4). With temperature increasing, the 
morphology of the porous frameworks coarsened significantly, while the penetration 
depth of de-alloyed pores increased slightly. Thus, from the 5 to 60 oC, the morphology 
of de-alloyed porous frameworks changed from an ultra-fine porous structure with 
multiple porous layers (Figure 4.10 (d) and (g) into a thick layer of sheet precipitates 
on the surface (Figure 4.10 (f) and (i)). This temperature assisted process allowed to 
generate layer-by-layer de-alloyed sheets which thickness could be controlled down to 
less than a few hundreds of nanometres, therefore opening new manufacturing 
opportunities in the fabrication of ultra-thin porous films or porous framework with 
multiple layers. 
Secondly, changing the Cu-based pristine materials was found to lead to different 
morphologies after de-alloying. However, for long de-alloying durations, these 
different morphologies tended to convert into a mesostructure that only depended on 
the material compositions and the de-alloying conditions. The reason for this 
phenomenon is that the morphology of de-alloyed porous framework was primarily 
driven by the precipitation and rearrangement of dissolved Cu, which was majorly 
affected by the de-alloying conditions rather than the microstructure of pristine 
materials. The size of the precipitates will be more homogeneous if the Zn composition 
within the pristine material is increased (Section 5.1). The formation of the de-alloyed 
nano-porous framework will be also promoted upon reducing the volume fraction of 
grain boundaries (Section 5.2). The preferential site of de-alloying behaviour is a 
position of the pristine material where there is more corrosion resistance than other 
positions, such as a position with a closed package of atoms (Section 5.3). In other 
words, the microstructure of pristine materials directly affects the etching sub-process 
of the Cu-Zn chemical de-alloying process in alkali and indirectly contributes to the 




The precipitation of Cu was found to likely limit the kinetics and therefore new 
routes to facilitate the removal of the ions prior to deposition had to be developed. In 
this thesis, a range of external fields and de-alloying setup conditions were therefore 
developed to promote the diffusion of dissolved Cu and Zn and interfere the 
precipitation of dissolved Cu. Four different approaches ie (i) Shear flow, (ii) external 
electric field, (iii) sonication and (iv) vacuum heating were developed and used to 
enhance the kinetics of de-alloying. For instance, flushing the surface of the material 
with a shear flow (approach 1) of etching solution in a designed ‘shear-flow’ rig can 
release the concentration polarisation of dissolved materials and postpone the 
precipitation of dissolved Cu (Section 6.1). Alternatively, the concentration 
polarisation of dissolved material can also be released by driving the ion with an 
external electric field (approach 2) during the de-alloying process to deposit or leave 
the surface of material (Section 6.2). In addition, Cu2O, instead of CuO, can be 
generated on the surface of materials de-alloyed with an external electric field which 
may be promising and useful for applications such as catalytic or photocatalytic. The 
liquid jet flux generated by the collapse of cavitation bubbles induced by sonication 
(approach 3) can induce selective etching on the surface of materials in the DI water 
and flush the surface of material at the same time (Section 6.3.3). In addition, during 
the vacuum heating (approach 4), the Zn was vaporized by heating and removed by 
the vacuum, which the Cu was left in the matrix and formed the ligaments of the porous 
framework (Section 6.4). This method demonstrates that the essence of the de-alloying 
is an asymmetrical Kirkendall migration of atoms [288], in which the Zn atoms left 
the matrix and left pores in their original spots were not filled up by the rearrangement 
of Cu.   
In conclusion, such nano-porous Cu materials may therefore offer a tuneable porous 
morphology to achieve the large specific surface area for catalytic or rational ligament 






7.2 Limitations of Cu-Zn chemical de-alloying process and 
of the generated de-alloyed product 
Cu-Zn de-alloyed porous frameworks with varied morphologies have been 
successfully formed by de-alloying in this thesis. The required process duration for 
forming a quality nano-porous framework was still longer than 48 h (51 h in Section 
4.3.2). Multiple separated porous layers made of copper oxide were formed with the 
slow progression of the process. However, the properties of these nano-porous layers 
were not extensively investigated in this thesis. Particularly, the measurement of the 
porosity, the specific surface area and the mechanical strength were not performed due 
to the damage of sample. The reason was that a sample with a reasonable size for a 
test was not obtained from de-alloyed sample since the Cu-Zn de-alloyed framework 
was made of the brittle copper oxides. The formation of copper oxide is the sign of Cu 
etching in alkali [193]. Therefore, the de-alloyed porous framework made of CuO is 
not avoidable for Cu-Zn de-alloying. The brittleness and low thermal/electrical 
conductivity of CuO porous framework has limited its application in electrodes and 
heaters, unless the CuO porous framework can be reduced to Cu porous framework,  
In Chapter 6, promoting the diffusion of dissolved material and interfering the 
precipitation of dissolved Cu have succeeded in changing the morphologies of de-
alloyed porous framework and progressing the penetration depth of de-alloyed pores 
(Section 6.1). However, the development of the porous framework was also limited by 
the interference of the precipitation of dissolved Cu. Therefore, it has to make a trade 
between the penetration depth and the development of the porous framework. This 
issue of precipitation is impossible to overcome in the conventional de-alloying 
process due to the dissolution of Cu, regardless if a ‘shear flow’ rig (Section 6.1) or an 
external electric field (Section 6.2) is used or not. However, the de-alloying process 







7.3 Suggestions for future works 
A number of research questions were remained and developed by the end of this 
thesis. This includes primarily: 
- What is the mechanism of the pore formation in the de-alloying process with 
sonication and the thermal de-alloying process? 
- How does the amorphous pristine material affect the de-alloying process and 
the de-alloyed products?  
- How are the porous layers formed during the chemical de-alloying process 
with NaOH solution? 
 
Future works may focus on investigating further the impact of assisted de-alloying 
techniques such as the de-alloying process with sonication and thermal de-alloying 
process. The former one has a potential to fabricate locally de-alloyed material, while 
the latter one can probably be used to fabricate a de-alloyed micro-porous framework. 
Furthermore, neither the de-alloying process with sonication nor thermal de-alloying 
process required the participation of etchant for selective etching, making the nano-
fabrication process more environmentally friendly, sustainable and applicable to large-
scale production. Further research on these two different de-alloying processes might 
leads to the development of fundamental theories applicable to the de-alloying process, 
including the understanding of the roles that the etchant plays, the principle of ligament 
formation and the rule of ligament coarsening. Therefore, the kinetics of pore 
formation of these assisted de-alloying techniques may be investigated. 
Although the volume fraction of grain boundaries was found to affect the kinetics 
of chemical de-alloying, it will be interesting to examine a new de-alloying process 
when an amorphous pristine material will be used. Amorphous alloys have already 
been investigated for etching in an acid solution [34, 242]. However, the research has 
neither used the alkali solution nor compared between the de-alloyed product of 
amorphous alloy and crystallized alloy. The materials produced from these studies 
presented a standard bi-continuous porous framework after de-alloying similar to the 




atom arrangement, which was a loose package of atoms, but relatively higher in 
corrosion resistance [375]. Whether the kinetics of chemical de-alloying on an 
amorphous alloy is similar to single crystal alloy, nanocrystal alloy or none of them 
needs to be investigated. It will certainly help clarify the relationship between non-
selective etching and de-alloying. However, the amorphous Cu-Zn alloy has never 
been documented. Therefore, new Cu-based alloys, such as Cu-Ti, which could be 
converted into an amorphous alloy, could be investigated. 
The layer-by-layer de-alloyed sheet is a novel de-alloyed product achieved from the 
chemical de-alloying process, which has yet to be documented. This hierarchical 
porous structure may be potentially useful in the application of filtration and catalytic. 
Therefore, the future work will investigate the mechanism and kinetics of the 
formation of porous layers and aim to separate a single layer or multiple layers from 







Supplementary Material I 
I.1 Pore Size Calculation from Scanning Electron Micrograph 
Due to the irregularity of the pore size distributions, an average equivalent pore 
distribution was obtained by assuming pore size is the diameter of equivalent circle. 
The diameter of equivalent circle is equal to the approximate area of pore. The method 
of approximate are of pore has shown in following examples. 
 
 



















where de is the equivalent diameter. 
 
  




4(𝑎 × 𝑏 + 𝑎′ × 𝑏′)
π
 (3) 







I.2 The orientation of grain and plane index 
In crystallography, the lattice plane has represented by the index of its normal 
direction. Grain is assembled by the accumulation of lattice with the same direction. 
Therefore, each face of grain corresponded to a specific plane and a unique index of 
the lattice. A simple schematic has shown in following figure (Figure SI.4). 
 
Figure SI.4 A simple schematic of relationship among grain planes and plane index 
 
 
I.3 Thermal treatment 
The XRD patterns of thermal treated sample and pristine sample were shown in 
Figure SI.5. Treating at 200 °C for 24 h, the treated sample is almost the same with 
pristine sample. Treating at 400 °C for 2 h, the characteristic peaks of brass slightly 
shifted to higher angle, which means the Zn composition of brass has decreased. 
Meanwhile, the characteristic peaks of ZnO has appeared. The decrease of peak at ~43 
°, which related to the (111), revealed that the grain with (111) aligned to the normal 
direction of sample almost disappeared after treatment. If prolonging the dwell time of 
treatment to 12 h, the peaks of ZnO became clearer, while the brass peak continuously 
shift to higher angle. After heating at 600 °C for 2 h, all characteristic peaks of ZnO 
have appeared, while the characteristic peaks of brass were replaced by the 




into a mixture of ZnO and pure Cu at probed volume of sample after heating at 600 °C 
for 2 h. 
 
 
Figure SI.5 XRD pattern of thermal treated samples heated with different conditions  
 
I.4 Pumping gas into the etching solution while de-alloying 
 
In this experiment, besides the applied mechanical stirring, air was pumped into the 
solution during the de-alloying processing since the participation of O2 was essential 
for the etching of Cu and Zn. The schematic of the setting is shown in Figure SI.6. The 
gas was transported to the bottom of the reservoir of the etching solution through a 
latex tubing. The position of the outlet of tubing should ensure that the gas bubbles 
were released from the tubing across the surface of the sample. In addition, the time 
interval between two contiguous gas bubbles was around 1 s. The gas selected was 
compressed air while N2 (purity > 99.99%, Coregas, Australia) was used as a blank 





Figure SI.6 Schematic of the setting with addition of bubbling gas  
 
The results are shown in Figure SI.7. The sample with air pumping showed a 
relatively smoother surface with scattered precipitates, which are bright particles on 
Figure SI.7 (a). The reference sample, which was achieved with N2 pumping, showed 
a classical de-alloyed surface of CuZn30 at an early stage (duration less than 3 h), with 
particle-liked precipitates distributed across the surface of the de-alloyed sample.  
 
Figure SI.7 The result of de-alloyed CuZn30 with pumping gas. (a) Air; (b) N2. The 
sample was de-alloyed with 1 M NaOH at 25 ºC for 36 h. Scale bar: 2 μm 
 
The EDS results are shown in Figure SI.8. The ratio of Cu and Zn in the sample de-
alloyed with air was approximately 70 : 30 ± 0.2 statistically close to the original ratio 
for the conventional de-alloying conditions. The residual Zinc was however hardly 
found from the sample de-alloyed with N2 pumping. Compared with the conventional 




morphology achieved for the de-alloyed sample. In addition, the air bubbling appear 







Cu (wt.%) Zn (wt.%) O (wt.%) 
1 68.5 28.6 2.9 
2 68.3 30.4 1.3 
3 90 — 10 
4 90.4 — 9.6 





Supplementary Material II 
 















Figure SII.3 the photo of flow cell for in-situ electro-chemical de-alloying test sealed 
by Kapton® tape. The countered electrode is carbon paper (MGL190, AvCarb®, US). 










Figure SII.4 the cross-section view of pristine CuZn30. The grains of CuZn30 with 
different orientation can be found on the cross-section of material since different 














Figure SII.5 (a) Combined simplified Eh-pH diagram of Cu-Zn [376]. S1: both Cu and Zn are soluble; S2: only Zn is soluble and Cu is soluble 
only if solution is oxidizing solution; S3: both Cu and Zn are soluble; and S4: only Zn is soluble. Adapted from Figure 2 from [377] and Figure 9 






Figure SII.6 The SE images (in-plane view and cross-section view) of de-alloyed 
samples which de-alloyed with different etching solution revealing the grain 
microstructure and surface pitting. Scale bars for the surface and cross section views 





Figure SII.7 The SE images (in-plane view and cross-section view) of de-alloyed 
samples which de-alloyed with different etching solutions and concentrations 
revealing the grain microstructure and surface pitting. Scale bars for the surface and 








Figure SII.8 The SE image of homogenous nano-porous structure on a de-alloyed 
sample, which de-alloyed with 1 M NaOH for 51 h at room temperature. The image 
















Figure SII.10 The EDS spectrum and mapping of de-alloyed CuZn sample. De-alloyed 








Figure SII.11 The SAXS patterns of in-situ de-alloying test on Au-Ag alloy with 0.6 
m camera lens. De-alloyed with 10% HNO3 at 20 °C 
 
 
Figure SII.11 The schematic of illustration of the scattering region transition. The 




























 start end 
5 °C 1500 s 2400 s 
20 °C 450 s 900 s 
40 °C 30 s 240 s 
60 °C 0 s 180 s 
 
Figure SII.16 Example of three period of in-situ test shown in SAXS pattern. The sample SAXS pattern is the 5 °C de-alloyed AuAg leaf, de-
alloyed with 10% HNO3. The arrow displayed on (b) and (c) shown to the trend of intensity change with process progressing. The table shows the 




Table SII.1 The fitting error (Chi-Sqr) of each curve shown in the Figure 4.27 
Temperature 
Chi-Sqr 
3000 s 2400 s 1800 s 1200 s 600 s 300 s 240 s 180 s 120 s 60 s 30 s 
5 ºC 0.11342 0.10327 0.08467 0.08382 0.07076 0.06234 0.05962 0.06088 0.05916 0.05302 0.03983 
20 ºC 0.503 0.45052 0.41432 0.28197 0.21912 0.25015 0.21772 0.19854 0.21096 0.19866 0.22094 
40 ºC 1.11128 0.81539 0.28168 0.14309 0.08747 0.08321 0.06154 0.06461 0.07006 0.06057 0.07494 























































Table SII.2 The composition of CuZn15 and CuZn26 casting bulk alloy de-alloyed 
with 1 M NaOH at room temperature. The compositions were collected by EDS. 
Elements 
Composition (at. %) 
CuZn15 CuZn26 
Pristine 1 h 24 h Pristine 1 h 24 h 
 O — 10.28 17.19 — 7.84 16.88 
 Cu 85.24 78.16 61.83 74.32 69.97 55.99 
 Zn 14.76 11.56 10.96 25.68 22.18 12.67 
 Si — — 3.72 — — 4.37 









Figure SII.24 The cross-section view of pristine sample treated at 400 °C for 2 
h. (a) ~700 nm ZnO layer on the surface of treated sample. (b) grain size was 











Figure SII.26 (a) Cross-section view of the etched groove on thermal treated CuZn30 
de-alloyed with 1 M NaOH for 72 h. (b) the micron size holes on the multiple inter-
grains boundaries thermal treated CuZn30 de-alloyed with 1 M NaOH for 72 h. IGB: 
inter-grains boundaries. Scale bar: 2 μm 
 
 
Table SII.3 The list of standard potential E0 for Cu and Zn in Alkali environment [89] 
Half-reaction Standard Potential (V) 
Cu2+ + e-  Cu+ 0.159 
Cu2+ + 2e-  Cu(s) 0.337 
2Cu(s) + 2OH-  Cu2O (s) + H2O + 2e
- 0.360 
Cu+ + e-  Cu(s) 0.520 
Zn(s)  Zn2+ + 2e- 0.762 
Zn(s) + 4OH-  Zn(OH)4








Figure SII.27 EDS map scanning on sample de-alloyed with E = -0.8 V in 1 M NaOH 
for 5 h at ambient temperature. Scale bar: 5 μm. The inserted circle has figured out that 







Figure SII.28 EDS map scanning on sample de-alloyed with E = -1.5 V in 1 M NaOH 
for 5 h at ambient temperature. Scale bar: 5 μm. The inserted circle has figured out that 





Figure SII.29 the pinholes on the precipitates. The sample was de-alloyed with 1.5 V 









Figure SII.30 The XRD pattern of samples de-alloyed with (a) E= -1.5 V, (b) E = -0.8 





Figure SII.31 the relation of scattered knee position (Figure 6.8 (d)) and duration. The 
intensity increase of knee centre was revealed by the intensity ratio (normalized with 









Figure SII.32 The fracture appearance of sample pre-treated with 300 W ultrasonic by 






Figure SII.33 Schematic of sampling position relative to the transducer. (a) Sonication 
assisted chemical de-alloying. (b) The control samples sonicated in DI water. The 
‘10’~‘60’ represents the duration (min) of sampling. The ‘side’ represents the 
sampling position of vertical sample. The l represents the length of sample where the 






Figure SII.34 SE images of samples after treating with 10 W, 1 MHz ultrasonic. Samples de-alloyed with 1 M NaOH for (a) 10 
min, (b) 20 min, (c) 30 min and (d) 60 min. In addition, the pristine samples treated with ultrasonic in DI water for (e) 10 min, (f) 





Figure SII.35 SE images of samples after treating with 30 W, 1 MHz ultrasonic. Samples de-alloyed with 1 M NaOH for (a) 10 
min, (b) 20 min, (c) 30 min and (d) 60 min. In addition, the pristine samples treated with ultrasonic in DI water for (e) 10 min, (f) 






Figure SII.36 SE images of samples after treating with 50 W, 1 MHz ultrasonic. Samples de-alloyed with 1 M NaOH for (a) 10 
min, (b) 20 min, (c) 30 min and (d) 60 min. In addition, the pristine samples treated with ultrasonic in DI water for (e) 10 min, (f) 






Figure SII.37 SE images of samples treated in DI water with ultrasonic of (a) 30 W 




Figure SII.38 The atomic ratio of Zn after de-alloyed with 30 W sonication assistance 
in 1 M NaOH at 20 ± 2 ºC. The ‘0 W’ and ‘0 min’ referred to the conventional chemical 







Figure SII.39 EDS analysis correlated to the SE image shown in Figure S6.16. (a) The 


















for 2 h 
Pre-de-alloying 
for 7 h 
Pre-de-alloying 
for 168 h 
Pore size 
(μm) 
25 min 1.340±0.069  1.161±0.105 1.038±0.113 




25 min 3479.6 1432.8 2046.8 







Figure SII.41 The cross-section view of thermally de-alloyed sample shown in Figure 








Figure SII.42 Tilted SE image of saperated layer of thermally de-alloyed sample 
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